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Summary 
The complex nature of the relationship between brain plasticity and individual behaviour 
renders its investigation using animal models difficult. The present study was designed to 
describe the emergence of individuality in mice with the same physiological, 
environmental and genetic preconditions in response to complex environmental and social 
cues. I investigated the correlation of this development to brain plasticity, namely 
neurogenesis in the adult hippocampus. To this end, two large, multi-level enclosures 
fitted with and automated RFID tracking system were populated with 40 animals to each. 
The mice were continuously tracked and live behaviour observations were done.  
The animals showed normal physiological development. The Roaming Entropy (RE), a 
measure for the evenness of their usage of the enclosure, describes the exploration 
behaviour of each animal. Cumulatively acquired RE scores (cRE) within an enclosure 
increasingly diverged with time. Small differences at the beginning were not predictive of 
the end values. Thus, the animals became different through the continued interaction 
with environment and conspecifics. Moreover, the cRE values at the end point positively 
correlated with the amount of hippocampal neurogenesis. This proves that factors 
emerging during development contribute to individuality development. These factors at 
the same time shape and rely on plastic brain structures.  
Behavioural analyses showed that animals with a high amount of antenna contacts (most 
active, MA mice) were not necessarily those with high cRE values. MA mice were more 
often involved in social interactions than the least active mice (least active, LA), 
accumulated lower cRE scores over time and seemed to be lower in the social hierarchy.  
In conclusion, the amount of spatial exploration and gradual broadening of experience 
was linked to brain plasticity in the form of elevated levels of hippocampal neurogenesis. 
The data shows that animals with same preconditions still develop along increasingly 
divergent, individual paths. This is probably partly given through slightly different 
epigenetic preconditions, drifting further apart by interaction with the complex 
environment. Also, individuation seems to be inherent in living organisms and necessary 
for evolutionary processes. The study shows firstly that differences in individual behaviour 
and brain structure are defined not only by genes and the environment but also 
modulated by factors unfolding or emerging during ontogenetic development. The present 
paradigm moreover introduces an animal model for studying mechanisms and influences 
on the structural basis of plasticity as an individual response to the nonshared 
environment. 
 
 
Zusammenfassung 
Die Erforschung der Zusammenhänge zwischen Gehirnplastizität und individuellem 
Verhalten gestaltet sich aufgrund ihrer Komplexität im Tiermodell schwierig. Die 
vorliegende Studie wurde im mit dem Ziel konzipiert, die Individualitätsentwicklung bei 
Mäusen mit den gleichen physiologischen und genetischen Voraussetzungen in einer 
komplexen räumlichen und sozialen Umgebung zu beschreiben. Ich untersuchte die 
Korrelation dieser Entwicklung mit der Neurogenese im adulten Hippokampus als Maß für 
Gehirnplastizität. Zu diesem Zweck wurden zwei je mit einem automatisierten RFID-
Tracking-System ausgestattete Großgehege mit jeweils 40 Tieren besiedelt. Die 
Bewegungen der Tiere wurden kontinuierlich aufgezeichnet und es wurden zudem direkte 
Verhaltensbeobachtungen durchgeführt. 
Die Tiere zeigten eine normale physiologische Entwicklung. Die Roaming Entropy (RE), ein 
Maß für die Gleichmäßigkeit, mit der die Tiere ihr Gehege nutzten, beschreibt das 
Erkundungsverhalten der einzelnen Mäuse. Die kumulativ erworbenen RE-Werte (cRE) in 
jedem der beiden Gehege wurden mit der Zeit zunehmend verschieden. Es war nicht 
möglich, aufgrund kleiner anfänglicher Unterschiede die Endwerte zu berechnen. Das 
bedeutet, dass die Tiere erst durch die andauernde Interaktion mit ihrer Umwelt und den 
Artgenossen unterschiedlicher wurden. Darüber hinaus sind die cRE-Werte am Endpunkt 
positiv mit den Neurogenesewerten korreliert. Dies beweist, dass während der 
Entwicklung auftretende Faktoren die Individualitätsentwicklung beeinflussen. Dieser 
Prozess benötigt plastische Hirnstrukturen und formt diese wiederum. 
Die Verhaltensanalysen zeigten, dass Tiere, die viele Antennenkontakte sammelten („most 
active“, MA) nicht zwangsläufig auch hohe cRE-Werte hatten. MA-Mäuse waren häufiger 
an sozialen Interaktionen beteiligt als Tiere mit wenigen Antennenkontakten („least 
active“, LA), akkumulierten über die Zeit niedrigere cRE-Werte und standen vermutlich 
weiter unten in der sozialen Hierarchie. 
Zusammenfassend kann man sagen, dass das Ausmaß der räumlichen Exploration und die 
allmähliche Erweiterung der Erfahrung mit einer gesteigerten Plastizität des Gehirns in 
Form von adulter Neurogenese verbunden war. Die Daten zeigen, dass Tiere mit den 
gleichen Voraussetzungen sich dennoch auf zunehmend divergierende, individuelle Art 
entwickeln. Dies ist zumindest teilweise durch leicht unterschiedliche epigenetische 
Voraussetzungen zu erklären, die durch das Wechselspiel mit dem komplexen Umfeld 
weiter auseinanderdriften. Auch scheint es, dass Individuation lebenden Organismen 
inhärent und Voraussetzung für evolutionäre Prozesse ist. Die Studie zeigt, dass die 
 
 
Unterschiede in individuellem Verhalten und Gehirnstruktur nicht allein durch Genen und 
Umweltbedingungen festgelegt sind, sondern auch durch Faktoren, die sich während der 
ontogenetischen Entwicklung entfalten, beeinflusst werden. Der beschriebene 
Versuchsaufbau stellt darüber hinaus ein Tiermodell für die Untersuchung von 
Mechanismen und modulierenden Faktoren auf die strukturellen Grundlagen der Plastizität 
als individuelle Reaktion auf die gemeinsam genutzte Umgebung dar. 
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1 INTRODUCTION 
1.1 Adult hippocampal neurogenesis 
The term neurogenesis refers to the production of neurons from neural progenitor cells. 
In the embryo, these cells arise from the neuroectoderm, a tissue fraction which 
eventually forms the neural tube and thereby the developmental basis of all parts of the 
central nervous system. In the adult brain, however, there are only very few cells with 
proliferative capacity and even fewer cells which can produce neural progenitors. Until 
only a few decades ago, it was unthinkable for most brain researchers that there should 
be any addition of new neurons to the postnatal brain. This dogmatic view has clearly 
been disproved in recent decades (see chapter 1.1.1). 
Stem cells in the adult mammalian brain produce functional neurons in most mammalian 
species and even in old individuals (e.g. Altman and Das 1965; Eriksson et al. 1998; 
Gould et al. 1999a; Kempermann et al. 1997a; Kempermann et al. 1998). As mentioned 
before, however, this does not happen randomly throughout in the brain but only within 
two specific neurogenic regions. One is the subventricular zone of the lateral ventricle, 
which holds stem cells and progenitors producing neurons for the replacement of 
interneurons in the olfactory bulb (Kaplan and Hinds 1977). This process will not be 
discussed in detail in this paper. 
The present thesis is concerned with the process of adult neurogenesis in the adult 
mouse hippocampus, the second brain area housing adult neural stem cells (see following 
chapters). Adult hippocampal neurogenesis is known to be responsive to environmental 
factors and in turn influence behaviour (e.g. Altman et al. 1973; Bayer et al. 1973; Garthe 
et al. 2009; Gould 1994; Kempermann et al. 1997b; Santarelli et al. 2003; van Praag et 
al. 1999a; van Praag et al. 1999b). This particular aspect of adult neurogenesis – the 
interactivity with the environment – is the focus of my thesis work. More specifically, I 
have investigated individual differences in this type of brain plasticity and how they are 
reflected in the mouse’s behaviour. The following chapters will introduce the reader to the 
topic at hand and provide background information necessary for understanding my work.  
1.1.1 A short history of adult neurogenesis research 
The brain is an organ that has always puzzled researchers. For a long time, it was a 
mystery how it worked and what its uses were. Aristotle was convinced that the function 
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of the brain with its many winding convolutions was to give off excess heat from the 
blood. In his view, this explained why men, who he assumed to be naturally more hot-
blooded than women, tend to loose their hair which wilts from the heat (Bear et al. 2007; 
Reichert 2000).   
Despite this rather amusing notion, however, ancient civilisations - namely Egyptian, 
Greek and Arabic scholars - seemed to have developed an understanding of the brain as 
the seat of cognitive function quite early (more than 5000 years ago), while Western 
European knowledge lagged behind (Bear et al. 2007).  
Even long after the brain had been commonly accepted as a thinking organ in our part of 
the world, the structure of its tissue as well as the specific functions and mechanisms of 
its components remained elusive. The general knowledge that the basic units of tissues 
are cells and that cells can divide and produce more cells greatly accelerated the gain of 
knowledge in brain research, too. Camillo Golgi developed a new staining method 
allowing him to describe the structure of neurons firstly in 1873. Another important step 
was the description of astrocytes and further constituents of the nervous system by 
Santiago Ramón y Cajal (Ramón y Cajal 1928; see Fig. 1). With these insights, the 
foundation for modern brain research was laid.  
         
Fig. 1 – Santiago Ramón y Cajal: A) Portrait; B) Drawing of hippocampal anatomy by Ramón y Cajal 
(Pictures: Public domain in US and Europe; from commons.wikimedia.org). 
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Along with the emerging idea of certain cell types in embryonal and adult tissues with the 
capability to produce more cells of different lineages, the question arose whether 
neurogenesis was also possible in the adult brain. Until only a few decades ago, the 
common conception was that neurogenesis is completed at birth and there are no new 
neurons produced in the postnatal mammalian brain. In 1965, however, Altman and Das 
showed that neurogenesis indeed does occur in the brains of rats after birth. Despite the 
initial rejection of this new prospect, this has meanwhile been shown to be true for many 
other species including other rodents such as mice (Kempermann et al. 1997a) and 
primates such as monkeys (Gould et al. 1999a) and humans (Eriksson et al. 1998; 
Spalding et al. 2013). Recently, adult hippocampal neurogenesis has been confirmed to 
be present in the brain of the African elephant (Patzke et al. 2013a). Possibly the only 
exceptions in this regard are marine mammals of the order Cetacea (Patzke et al. 2013b) 
in which DG neuron production seems to be absent in adults. Bats have also been 
reported to show little or no neurogenic activity in the adult hippocampus (Amrein et al. 
2007) but this has recently been suspected to be an artefact of the testing procedure 
(Chawana et al. 2014). 
There was some confusion about where in the adult brain neurogenesis occurs, as there 
have been reports on neurogenesis in cortical and striatal brain areas (Bedard et al. 2006; 
Dayer et al. 2005; Gould et al. 1999b; Gould et al. 2001; Inta et al. 2008; Kaplan 1981). 
These findings were, however, challenged by contradicting data from other groups 
(Ehninger and Kempermann 2003; Koketsu et al. 2003; Kornack and Rakic 2001; Rakic 
1985; Rakic 2002). Today, we know that the subventricular zone of the lateral ventricle 
(Altman 1969; Kaplan and Hinds 1977) and the subgranular zone (SGZ) of the 
hippocampal dentate gyrus (DG; Altman and Das 1965; Kempermann et al. 1997b) are 
the only places in the adult rodent brain where neurogenesis still occurs with the possible, 
yet unsubstantiated exception of the cortical layer VI (Dayer et al. 2005; Inta et al. 2008). 
In the human nervous system, postnatal neurogenesis seems to be absent in the olfactory 
bulb (Bergmann et al. 2012). The human hippocampus, however, retains its proliferative 
ability lifelong (Eriksson et al. 1998; Spalding et al. 2013). 
1.1.2 Hippocampal anatomy and connectivity 
The hippocampus and its associated structures are part of the limbic system, which is 
generally responsible for the processing of emotions. The hippocampus is located in the 
medial temporal lobe and develops from a part of the cortex folded inward during 
embryogenesis. From an evolutionary perspective, it belongs to the archicortex, which in 
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turn is part of the allocortex (Kempermann 2011). This characterises the hippocampus as 
a phylogenetically old structure. Its microstructure reflects its evolutionary age as well: 
the hippocampus is similarly layered as the neocortex, however, with only three layers 
instead of the neocortical six (Amaral and Lavenex 2007).  
The human hippocampus has the shape of a seahorse (Hippocampus sp.), hence the 
name. The curved shape also inspired the name Cornu ammonis (CA), i.e. horns of 
Ammon (Greek-Egyptian god with ram’s horns, see Fig. 2). 
The hippocampal formation includes the following structures: the subiculum, the DG and 
the hippocampus proper (see Figs. 1-4; Kempermann 2011). Other authors also include 
the parasubiculum as well as the entorhinal cortex (EC; Amaral and Lavenex 2007). 
Although the EC belongs to the paleocortex, its layer 
arrangement is that of the neocortex with the 
distinguishing feature that layer IV does not contain cell 
bodies and is therefore named lamina dissecans (Amaral 
and Lavenex 2007).  
 
Fig. 2 – Bust of the god Ammon (= Amun) with ram’s horns 
(Staatliche Antikensammlung in Munich, © Dan Mihai Pitea / 
commons.wikimedia.org / CC-BY-SA-3.0). 
 
The hippocampus proper consists of three layers. The stratum radiatum lies on the inner 
part of the curved structure and contains the thin stratum lacunosum-moleculare adjacent 
to the DG molecular layer (see below) as well as the stratum lucidum in the CA3 region. 
These parts are mainly hosting the afferent fibres of the hippocampal pyramidal neurons 
whose somata reside in the stratum pyramidale below. The statum oriens situated on the 
outside of the curve hosts the cell bodies of the inhibitory basket cells and the pyrimidal 
cell basal dendrites (Amaral and Lavenex 2007). Along its length, the hippocampus proper 
was divided into the CA regions 1 to 4 according to their cell connections and properties 
(Lorente de Nó 1934). Today, CA4 is usually referred to as the hilus or DG polymorphic 
layer (Amaral 1978; Blackstad 1956).  
Ontogenetically, the DG does not develop along with the rest of the hippocampus but 
partly from subpial cells immigrating during embryogenesis (Li et al. 2009). The adult DG 
is about a third of the hippocampus and resembles an arrowhead in sagittal sections of 
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the rodent brain. It has approximately 450,000 cells unilaterally (Insausti et al. 1998) 
which are organised in three layers. The outermost molecular layer holds almost no cell 
bodies and is mainly made up from axons of the granule cell layer. This intermediate layer 
is about eight cells wide and contains the SGZ on the inner side. The innermost layer is 
the afore-mentioned polymorphic layer and hosts the granule cell dendrites as well as 
some interneurons (see Fig. 4; Amaral and Lavenex 2007).  
 
Fig. 3 – Schematic view of the mouse brain and the hippocampal formation: A) Position of hippocampus in 
rodent brain (coronal section, one hemisphere); B) Hippocampal anatomy: Cornu ammonis (CA) 
regions and dentate gyrus (DG), mo = molecular layer, po = polymorphic layer, sg = granule cell 
layer, slm = stratum lacunosum moleculare, slu = stratum lucidum, so = stratum oriens, sp = 
stratum moleculare, sr = stratum radiatum (pictures adapted from Amaral and Lavenex 2007 and 
http://mouse.brain-map.org/) 
A feature distinguishing the hippocampal formation from younger parts of the cortex is 
the mainly unidirectional passage of information (Amaral and Lavenex 2007). The 
simplified, yet useful concept of the "trisynaptic circuit" (Amaral and Witter 1989) 
describes the flow direction within this system: 1) afferents from the EC project via the 
perforant pathway onto the DG (Ramon y Cajal 1928) where they make contact with the 
granule cell dendrites in the polymorphic layer (Hjorth-Simonsen 1972; Nafstad 1967), 2) 
DG granule cells extend their axons to make contact with pyramidal cells in CA3, which in 
turn 3) project onto CA1 neurons. From those, the signals are sent back to the EC, which 
again relays the information to appropriate neocortical areas for long-term storage. With 
that, whether the EC belongs to the hippocampal formation or not, it is nevertheless an 
important structure for the intrinsic hippocampal circuitry. It receives afferents from a 
variety of neocortical areas and sends the information processed in the hippocampus back 
to the same, thus providing the main hippocampus-neocortex interface. Namely, the 
areas projecting onto the EC are association cortices, the olfactory bulb and the corpus 
amygdaloideum (Garzorz 2009). 
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The medial and lateral EC are biochemically distinct (Fredens et al. 1984; Hjorth-
Simonsen 1972; Hjorth-Simonsen and Jeune 1972) and deliver different types of 
information to the hippocampus. Via two physiologically different parts of the perforant 
pathway (McNaughton 1980), the lateral EC provides information on external cues and 
contexts (Vivar and van Praag 2013) while the medial EC relays details about the spatial 
position of the animal (Fyhn et al. 2004, see also chapter 1.1.5). 
Aside from the EC, various other regions project onto the DG. These are mainly 
subcortical and commissural afferents (Leranth and Hajszan 2007), such as the septal 
nuclei (Mosko et al. 1973). Within the DG, the two hemispheres are connected through 
commissural association fibres (Forster et al. 2006). The neuronal activity of DG granule 
cells is modulated by local interneurons or basket cells in the hilus. These are generally 
GABAergic inhibitors (Freund and Buzsaki 1996; Houser 2007; Sik et al. 1997). 
Unmyelinated axons of the granule cells project onto the cells of the polymorphic layer 
(Claiborne et al. 1986). In turn, the neurons in the polymorphic layer innervate the inner 
third of the molecular layer, both ipsi- and contralateral (Frotscher et al. 1992).   
The hippocampal formation is crucial for learning and memory. It receives input from 
almost all sensory cortices and checks the incoming information for novelty and 
relevance. However, the hippocampus is not a site of memory storage. It rather enables 
storage of explicit memory contents by tagging the information with relevant experiential 
and emotional references and subsequently transferring it from short-term memory to 
cortical long-term storage (Garzorz 2009; Kandel et al. 2000). In the light of these 
functional aspects, the fact that the hippocampal formation is one of the two sites of 
neuron production from adult stem cells becomes an intriguing and suggestive theme 
which will be elaborated in the following chapters.  
1.1.3 Neurogenesis in the adult hippocampus 
The neurogenic niche of the adult mammalian hippocampus is the SGZ. This narrow band 
of cells is located at the inner side of the afore-described arrowhead-shaped DG (see Fig. 
4). Adult hippocampal neurogenesis is a process rather than an event, comprising several 
stages of development, each with distinct properties (Fig. 4B).  
The SGZ hosts type I cells, which are the resident stem cells and resemble radial glia cells 
as they appear in embryonic development. Type I cells are glia-like not only in 
appearance but also in function (Seri et al. 2004) and bear hallmarks of progenitor cells at 
the same time. Their somata are triangular in shape and the long, branched apical 
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processes have contact to blood vessels (Filippov et al. 2003; Fukuda et al. 2003). Their 
glial features comprise the expression of the marker proteins BLBP (brain lipid-binding 
protein; Steiner et al. 2006) and GFAP (glial fibrillary acidic protein; Seri et al. 2004; 
Steiner et al. 2004) as well as a passive electrophysiological profile (Filippov et al. 2003; 
Fukuda et al. 2003). However, S100 calcium binding protein beta (S100#), which is 
characteristic for certain postmitotic astroglia, is not expressed in type I cells (Seri et al. 
2004; Steiner et al. 2004).  
 
Fig. 4 – Schematic view of the hippocampal neurogenic niche: A) Hippocampal anatomy: Cornu ammonis 
(CA) regions and dentate gyrus (DG, see Fig. 3B for more details); B) Stages of adult hippocampal 
neurogenesis (see text for details); SGZ = subgranular zone; GC = granule cell layer (pictures 
adapted from Kempermann 2011). 
Like embryonic radial glia, type I cells are positive for Nestin (Lagace et al. 2007) as well 
as the transcription factors Sox2 (Filippov et al. 2003; Steiner et al. 2006) and Pax6 
(Hevner et al. 2006; Nacher et al. 2005). Together with their morphology, this 
distinguishes type I cells from astroglia and marks them as progenitor cells. It was shown 
that Nestin-positive cells are indeed the source for adult-born neurons (Kronenberg et al. 
2003; Lagace et al. 2007). Type I cells possess a primary cilium through which they are 
responsive to Shh signals (Breunig et al. 2008; Han et al. 2008) and are coupled via gap 
junctions (Kunze et al. 2009).  
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Type I cells rarely divide but when they do, they are capable of asymmetric division 
(Kronenberg et al. 2003; Namba et al. 2009), a process that produces two unequal 
daughter cells: one type I, radial glia-like cell as well as another cell that can differentiate 
into other cell types. They produce, for example, a fast-proliferating kind of precursors, 
the type II cells, which quickly enlarge the progenitor pool. These cells have a rather 
small cell soma containing an irregularly shaped nucleus with densely packed chromatin. 
The proliferating type II cells are often located in close proximity to both blood vessels 
and the radial glia from which they originated (Palmer et al. 2000). The precursors of the 
SGZ have been shown to be tripotent, although they bring forth rather more neurons and 
glial cells than oligodendrocytes (Jessberger et al. 2008; Steiner et al. 2004; Suh et al. 
2007).  
At this stage, the cells first receive synaptic !-Aminobutyric acid (GABA) input (Wang et 
al. 2005). This and also ambient GABA affects the precursors and facilitates their neuronal 
differentiation. The otherwise inhibitory transmitter GABA acts as a tonic activator of type 
II cells (Ge et al. 2006). The type II cell stage of adult neurogenesis is probably the point 
in time when the fate choice for neuronal development takes place. This is reflected in an 
expression shift from stem and glial cell markers to neuronal markers (Kronenberg et al. 
2003). Type II cells are therefore subdivided in to the early type IIa and the later stage 
IIb cells (Kempermann et al. 2004; Steiner et al. 2006). 
The transition from type I to IIa is marked by a change in cell morphology and an 
expression shift: type IIa cells begin to express Mash1, Tbr2 and Neurogenin (Hodge et 
al. 2008; Kim et al. 2007; Liu et al. 2010b; Roybon et al. 2009). Like type I cells, 
however, IIa cells still express the glial marker BLBP as well as Sox2 and Nestin 
(Kempermann et al. 2004; Steiner et al. 2006). 
Type IIb cells are neuronally determined and slightly less proliferative than IIa cells. They 
show expression of Prox1 which is specific for hippocampal granule cells. Further neuronal 
markers at this stage are DCX and PSA-NCAM (Kronenberg et al. 2003; Steiner et al. 
2006). A small population of type IIb cells also expresses the transcription factor Tis21 
which in the developing cortex is upregulated before the final neurogenic division (Attardo 
et al. 2010).  
The subsequent type III cell stage is little proliferative and characterised by the absence 
of glial and stem cell markers (Seri et al. 2004). The cells have a variable morphology and 
first apical processes might emerge (Plumpe et al. 2006). Type III cells migrate a short 
distance from the SGZ to the granule layer of the DG. Eventually, they exit the cell cycle 
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and become postmitotic, an event that coincides with a transient calretinin expression 
(Brandt et al. 2003). 
The early, immature neurons also begin to express NeuN. They start to extend their 
developing dendritic trees, reaching to the molecular layer of the DG, and to grow an 
axon towards the hippocampal region CA3 (see also chapter 1.1.2). In the course of 
neuronal maturation, the cells loose the calretinin expression and instead begin to express 
calbindin (Brandt et al. 2003). NeuN and Prox1 are by then more strongly and 
mandatorily expressed and the cells form synapses. When the neurons mature, the GABA 
input ceases to be excitatory and assumes its conventional inhibitory role. The process 
from exiting the cell cycle to becoming a functional mature neuron takes about four 
weeks (van Praag et al. 2002). However, not all the new cells survive. The process of 
adult hippocampal neurogenesis is regulated in each developmental step and strongly 
connected to external influences and individual demands. The following chapters will 
explore these aspects in more detail. 
1.1.4 Regulation 
The polygenic trait adult hippocampal neurogenesis is subject to naturally occuring 
variation (Amrein et al. 2004a; Amrein et al. 2004b; Kempermann et al. 2006; 
Kempermann and Gage 2002; Kempermann et al. 1997a). Although proliferation as such 
can be modulated, the crucial regulation determining the net outcome of the process 
happens at the level of cell survival (Kempermann et al. 2006). Excess cells are 
extinguished by programmed cell death (Biebl et al. 2000; Kempermann et al. 2003). This 
way, the newly produced neurons are only maintained when they are needed. It follows 
logically that factors that promote survival and lead to an increased number of new DG 
neurons generally include some form of activity, be it physical or mental. This specific 
aspect of adult neurogenesis will be explored in more detail in chapters 1.2ff. 
The matter of regulation of hippocampal cell production can be contemplated on different 
levels: on the environmental and behavioural level, on a systemic and stem cell niche-
specific level and on the intracellular level (Kempermann 2011). This distinction is, of 
course, a conceptual one. Adult hippocampal neurogenesis is a highly susceptible process 
and it does not make sense to leave out one of those levels if one aims to understand it 
entirely. 
In the past few decades, a large body of evidence has shown the various effects of 
different life circumstances on DG neuron production. Acute stress, for example, is a cue 
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for the animal to adapt behavioural and cognitive mechanisms to environmental demands 
(Shors 2001) and is thus a necessary precondition for learning. Chronic and excessive 
stresses, however, have been shown to have a negative effect on neurogenesis in the 
adult hippocampus (e.g. Czeh et al. 2002; Gould et al. 1997; Heine et al. 2005; Joëls et 
al. 2004; Montaron et al. 2004; Pham et al. 2003; Tanapat et al. 2001). This applies to 
many different kinds of stressors, including psychosocial ones such as isolation (Lu et al. 
2003) and territorial intrusion (Czeh et al. 2002; Gould et al. 1997) as well as 
physiological stressors such as chronic sleep deprivation (Mirescu et al. 2006) and 
predator odor (Tanapat et al. 2001). Other odors, in particular pheromones, can increase 
the neurogenesis level (Larsen et al. 2008; Mak et al. 2007). Early life stress and prenatal 
stress of the mother also affects the later-life animal. The effects, however, vary in a sex- 
and age-specific manner (recently reviewed by Loi et al. 2014; see also Shors et al. 
2001a). It has been shown that chronically elevated corticosterone levels accelerate the 
age-related decline in neurogenesis and associated memory processes (Montaron et al. 
2004). Voluntarily running mice also have higher levels of the stress hormone 
corticosterone (van Praag 2009). However, this particular form of predictable and self-
elected stress has a positive effect (see following chapters), while other uncontrollable 
and unpredictable stresses are detrimental to neurogenesis (Wiepkema and Koolhaas 
1993; Wosiski-Kuhn and Stranahan 2012).  
Although the aspect of nutrional effects on adult neurogenesis still requires more 
research, there is evidence that many dietary components have the capacity to modulate 
neuron production and survival (see e.g. Kawakita et al. 2006; Kim et al. 2008; Kruman et 
al. 2005). Furthermore, a restriction of caloric intake seems to increase DG cell 
proliferation in general (Kumar et al. 2009; Lee et al. 2000; Lee et al. 2002). Seizures also 
induce the synthesis of new neurons, but the cells show aberrant growth and branching 
(Parent et al. 1997). 
Age is another strong cofactor modulating stem cell proliferation and survival on top of all 
other regulators. Although hippocampal neurogenesis has been shown to be present in 
very old individuals (Eriksson et al. 1998; Kempermann et al. 1998; Spalding et al. 2013), 
it is highest in the young, strongly decreases in adolescence and then remains stable on a 
low level throughout life (Ben Abdallah et al. 2010; Bondolfi et al. 2004; Cameron and 
McKay 1999; Kuhn et al. 1996). This steep drop can, however, be attenuated by 
appropriate activity (Kronenberg et al. 2006, see chapter 1.2.1). 
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On the systemic and stem cell niche level, adult neurogenesis is regulated by 
communication between the cells of the niche (the SGZ) and via blood-borne signals. 
Proliferating cells in the DG tend to cluster and are mainly found in the vicinity of blood 
vessels (Palmer et al. 2000). The stem cells in the SGZ have protrusions reaching towards 
the capillaries, the so-called vascular endfeet, and are thereby able to take up signals 
transmitted via the blood stream and react thereupon (Filippov et al. 2003). Due to the 
clustering of cells, signals can also be received via direct cell contacts (cell junctions).  
Adult hippocampal neurogenesis is, for example, influenced via classical development-
related signalling pathways, such as Notch-, Shh- and Wnt-related signalling (e.g. Babu et 
al. 2007; Breunig et al. 2008; Kuwabara et al. 2009; Lie et al. 2005). Molecular within-
niche factors regulating neurogenesis are found in the classes of ephrins, growth factors 
and other cytokines, hormones, neurotransmitters and components of the extracellular 
matrix (see Kempermann 2011 for a detailed description). As a brief exemplary illustration 
of the diverse effects these substances can exert on DG cell proliferation and survival, I 
will outline four of the growth factors most researched in the context: 
• Fibroblast growth factor 2 (FGF-2) is a mitogenic molecule and has a stimulating 
effect on both precursor cell proliferation and synaptic integration in the DG 
(Zhao et al. 2007). It has been shown that FGF-2 can to some degree counteract 
the age-dependent decline in neurogenesis in mice (Jin et al. 2003). 
• Vascular endothelial growth factor (VEGF) stimulates neuronal fate commitment 
and has a survival-promoting effect on the new neurons (Jin et al. 2002). VEGF 
also plays a role in mediating the positive effect of exercise on adult neurogenesis 
(Fabel et al. 2003). Chronic stress has been shown to reduce the expression of 
VEGF and its receptor Flk-1 in the DG as well as cell proliferation in the vicinity of 
vessels (Heine et al. 2005). 
• Insulin-like growth factor (IGF) has effects similar to those of VEGF, enhancing 
fate commitment and survival (Aberg et al. 2000). Like FGF2, IGF acts 
systemically and can prevent the steep age-decline in neurogenesis 
(Lichtenwalner et al. 2001). 
• Brain-derived neurotrophic factor (BDNF) is considered to have a major role in 
brain plasticity in general. In adult hippocampal neurogenesis, it has been shown 
to promote survival and dendrite development (Bergami et al. 2008). 
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Growth factors act via cell surface receptors, usually inducing signalling cascades within 
the cell and resulting in a change of gene expression via the activation of specific 
transcription factors. Another important group of signalling molecules are the 
neurotransmitters relaying modulating input from other brain regions onto the DG. Two 
very important representatives of this group are GABA and glutamate, whose influence at 
specific timepoints in the neurogenic process are crucial for neuronal determination and 
development (Babu et al. 2009; Deisseroth et al. 2004; Ge et al. 2006; Ge et al. 2007; 
Wang et al. 2005). 
Neighbouring astrocytes have been found to have not only a supportive function, but also 
a regulative one. They induce the DG stem cells to adopt a neural fate. This is transmitted 
mainly through the secretion of two neurogenesis-inducing interleukins, IL-1# and IL-6 
(Barkho et al. 2006; Song et al. 2002). Microglia also seem to have a regulative effect on 
neurogenesis (extensively reviewed by Sierra et al. 2014). Within the cells themselves, 
mitochondria can modulate exercise-induced development of new DG neurons (Steib et 
al. 2014) 
A growing body of evidence suggests that epigenetic mechanisms play a substantial role 
in the regulation of adult neurogenesis, too. The term epigenetics broadly denominates 
changes in gene expression without changes in the DNA sequence. These changes are 
mediated by mechanisms such as DNA methylation (silencing effect), histone 
modifications (silencing or activating effect), translational interference by micro-RNAs, etc. 
Although research efforts on the involvement of epigenetic mechanisms in neurogenesis 
regulation have only quite recently begun and the knowledge accordingly is limited (for 
detailed reviews see Covic et al. 2010; Faigle and Song 2013; Hsieh and Eisch 2010), 
some important players have already emerged in this context. Four of the most important 
of which are listed below:  
• The methyl-CpG-binding domain protein 1 (MBD1) binds to hypermethylated 
DNA-sequences and supresses gene expression. It is present in the entire adult 
brain with the highest concentration in the hippocampus. MBD1-deficient mice 
appear to develop normally but show reduced adult neurogenesis in the DG 
combined with impaired spatial learning (Zhao et al. 2003). The expression of 
MBD1 promotes neuronal differentiation of neuronal progenitors by binding to 
and silencing the promoters of the stem cell mitogen FGF-2 (Li et al. 2008, see 
also above) and the microRNA miR-184 (Liu et al. 2010a). 
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• Another methyl-binding protein, the methyl-CpG-binding protein 2 (MeCP2), has 
recently been associated with neurogenic processes. A deficiency of this protein 
leads to delays in hippocampal neuron maturation (Smrt et al. 2007). MeCP2 has 
furthermore been shown to have an important role in maintaining neuronal 
identity (Kohyama et al. 2008). 
• The protein product of the immediate early gene Growth arrest and DNA-
damage-inducible 45 beta (Gadd45b) is expressed in response to physiological 
stress. It promotes the demethylation of BDNF- and FGF-promoters. Through 
these and other mechanisms, Gadd45b is a mediator and regulator of activity-
induced adult hippocampal neurogenesis (Ma et al. 2009). 
• Activity-induced DG neurogenesis also depends on tet methylcytosine 
dioxygenase 1 (TET1). If TET1 is not expressed, no demethylation of BDNF- and 
FGF-promoters in response to activity takes place (Guo et al. 2011). 
Epigenetic mechanisms are thus a probable and versatile link between environmental and 
behavioural influences and adult neurogenesis (see also chapter 1.2). 
1.1.5 Function 
The hippocampus is a crucial hub in the cognitive system. As already described in chapter 
1.1.2, it is connected to sensory and emotional centres of the brain and moreover 
indispensable for the acquisition of memories (e.g. Scoville and Milner 1957; Squire 
2004). It follows logically that the presence of a neuronal stem cell niche in this area is 
unlikely to be mere coincidence or an evolutionary artefact. The function of these new 
neurons appears to be complex and remains to be conclusively determined. However, 
through many experiments and observations, it has emerged that the new neurons give 
the animal the ability to cope flexibly with novelty and complexity, especially in a familiar 
setup. Animal models have shown that a higher level of adult neurogenesis correlates 
with improved learning and spatial orientation behaviour (Garthe et al. 2009; van Praag et 
al. 1999a). 
Adult hippocampal neurogenesis seems to have more than one function. The new cells 
probably fulfil a transient purpose during acute processing as well as mediating long-
lasting network adaptations. It has been hypothesised that adult neurogenesis is the 
cause for the DG not being sensitive to stress-induced cell death like other areas 
(Cameron et al. 1993; Gould et al. 1992). Along those lines, the neurogenic reserve 
hypothesis proposes that the potential to build new neurons in adaptation to 
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environmental circumstances plays an important role in “successful ageing”, i.e. retaining 
good cognitive abilities until old age (Kempermann 2008). Theoretically, this links adult 
neurogenesis to the observation that physically active people show less cognitive decline 
in old age (Yaffe et al. 2001), as exercise can induce neurogenesis (see following 
chapters). 
Furthermore, adult neurogenesis has been proposed to contribute to the avoidance of 
catastrophic interference in the hippocampus, a structure that has a gatekeeper function 
in memory storage. Catastrophic interference means in this context that older stored 
information might be eliminated when new input arrives via pathways overlapping those 
of the former. In this model, the addition of new neurons would help to solve the 
proposed “stability-plasticity dilemma” of the DG (Wiskott et al. 2006). This term refers to 
the problem that a very plastic neuronal network would theoretically learn very well but 
the new information would not be lastingly stored. New input would overwrite previous 
information. Stable networks, on the other hand, can store contents long-term and with a 
good resistance to damage from new information. However, a stable network will come at 
the cost of providing very little plasticity and thus little room for new learning. 
Accordingly, the bottleneck structure of the DG has to provide a balanced solution for this 
problem. This seems to be accomplished by providing new neurons which can be 
recruited according to present demands. Along those lines, it has recently been 
demonstrated that high levels of hippocampal neurogenesis, as they are present in 
infancy, contribute to forgetting previously experienced events (Akers et al. 2014; see 
also Deisseroth et al. 2004; Meltzer et al. 2005; Weisz and Argibay 2012). Thus, the age-
dependent decline in DG neuron production seems to be necessary for reaching a 
balanced solution between plasticity and the capacity for long-term memory storage 
(Akers et al. 2014; Campbell and Spear 1972). 
Adult-born neurons have also been shown to improve temporal resolution of events 
(Shors et al. 2001b; Shors et al. 2002) and spatial pattern separation (Clelland et al. 
2009). The relevance of adult neurogenesis for temporal, emotional and contextual 
encoding and association of events has been proposed on the basis of computational 
models (Aimone et al. 2006; Aimone et al. 2009; Becker 2005; Becker and Wojtowicz 
2007) and experimental data (Bergami et al. 2008; Hernandez-Rabaza et al. 2009; Revest 
et al. 2009; Santarelli et al. 2003; Saxe et al. 2006). 
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1.2 Adult hippocampal neurogenesis and its interaction with the environment 
Environmental cues play a pivotal role for adult neurogenesis modulation and regulation 
and a variety of factors are known to positively and negatively influence this process (first 
shown by Cameron and Gould 1994; Kempermann et al. 1997b; Kempermann et al. 
1998). As described above, the DG represents a bottleneck structure in the hippocampal 
circuit. It is significant that functional new neurons are added to a neuronal system that 
receives a multitude of sensory inputs and is crucial for their processing in preparation for 
memory storage. Furthermore, it is suggestive that the neuron generation process is 
sensitive to outside stimuli. Individual perception and associations from previous 
experiences also modulate neurogenesis levels. The following chapters will illustrate some 
aspects of an animal's interaction with its animate and inanimate environment with a 
focus on influences promoting adult hippocampal neurogenesis. 
1.2.1 Activity and exercise 
In adult neurogenesis research, we classically make a distinction between running 
(aerobic exercise) and enrichment paradigms (mainly cognitive challenge through the 
inclusion of various stimuli within the environment; see next chapter). In reality, however, 
activity and cognition cannot be separated. An animal moving within its environment will 
inevitably have sensations that create memories and associations. In turn, previously 
stored experience will affect the way an animal explores and uses a given space. 
Moreover, activity does not necessarily mean exercise, nor does it have to involve 
locomotion at all. A stationary mouse can still be alert and create memory contents by, for 
example, watching an interaction between other mice.  
For the sake of designing meaningful research, it is still possible to minimise the cognitive 
aspect and emphasise the effect of physical activity by providing a captive animal with a 
running wheel and allow it to get used to it before the start of the experiment (Fig. 5). 
Voluntary wheel running has been shown to reliably elevate neurogenesis levels in 
laboratory rodents (Bick-Sander et al. 2006; Kobilo et al. 2014; Mustroph et al. 2012; 
Steiner et al. 2008; van Praag et al. 1999a; van Praag et al. 1999b; Wu et al. 2008). The 
distances run by these mice are assumed to reflect those of wild mice in their natural 
habitats. Animals captured from the wild do use these wheels as well but do not show an 
increase in new neurons (Hauser et al. 2009). This is probably due to the fact that they 
are already used to exercise. The number of DCX-positive precursor cells in the DG 
correlates with the amount of running (Aberg et al. 2008). 
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Fig. 5 – Adult C57BL/6 mouse in a laboratory running wheel.  
Physical activity can induce an increase in neuronal precursor cell proliferation 
(Kronenberg et al. 2003; Steiner et al. 2008) and attenuate the natural age-related 
decline in neurogenesis (Kronenberg et al. 2006). The observation that running also 
increases spatial pattern separation in mice (Creer et al. 2010) is in line with the proposed 
role of neuorgenesis in this context (see chapter 1.1.5). Exercise is generally thought to 
affect adult hippocampal neurogenesis in two ways: the acute effect is to transiently 
increase cell proliferation, while the longer-lasting effect changes the whole neurogenic 
niche (Kempermann 2011). The positive effect is also transmissible from a running 
pregnant mother to her offspring in whom postnatal neurogenesis levels are transiently 
increased (Bick-Sander et al. 2006). 
Various circulating substances have been associated with exercise-induced neurogenesis. 
The growth factors VEGF (Fabel et al. 2003) and IGF (Gomez-Pinilla et al. 1997; Trejo et 
al. 2001) are among the candidates. Klempin and colleagues (2013) could show that the 
DGs of mice lacking serotonin in their brains do not respond to exercise despite having 
normal baseline neurogenesis. They concluded that serotonin must have an important 
role in acute activity-dependent adult hippocampal neurogenesis.  
The use of a running wheel in this context has been called into question by some 
researchers who consider wheel running in caged mice stereotypical behaviour (Mason et 
al. 2007; Sherwin 1998). If this were true, it would raise some issues on the validity of 
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the results obtained from these experiments. Stereotypical behaviour means compulsive 
and repetitive behaviour that is no longer aligned to the original purpose of the action and 
can become detrimental to the animal (e.g. by overgrooming). These behaviours seem to 
be artefacts of captivity and a mark for the animal being under chronic stress (Gross et al. 
2012; Richter et al. 2009; Würbel 2006). Certain cognitive impairments have also been 
associated with stereotypical behaviour so that affected mice would not be suited for use 
in neuroscientific research. However, it has recently been shown that wheel running 
seems to be an elective behaviour, as mice in the wild also use a provided wheel 
extensively (Meijer and Robbers 2014).  
Although there are analogies between mice and humans in this regard (Knoth et al. 
2010), direct proof of the connection between exercise and hippocampal neurogenesis in 
adult humans is still elusive. We can, however, draw indirect conclusions from a region-
specific increase in hippocampal volume in response to exercise present in in mice 
(Biedermann et al. 2012) and also in humans (Erickson et al. 2011; Pajonk et al. 2010). 
Another parallel is a higher cerebral blood flow after aerobic training in the hippocampus. 
This has been shown in mice where it was accompanied by a proportional increase in 
neurogenesis (Pereira et al. 2007) and is also evident in elderly people (Burdette et al. 
2010). In the latter study, training and higher cerebral blood flow was accompanied by 
higher connectivity of the hippocampus.  
1.2.2 Environmental Enrichment 
The psychologist Donald Hebb was the first scientist who adopted the idea of 
environmental complexity as a research paradigm. He suggested that rats who grew up in 
enclosures that were environmentally enriched in comparison to the monotony of the 
usually barren and confined standard laboratory cages, displayed different learning 
capacity and behaviour in general (Hebb 1947; Hebb 1949). Since then, many 
researchers have picked up the theme and showed that environmental enrichment can 
modulate brain plasticity and learning (Altman and Das 1965; Cummins et al. 1973; 
Diamond et al. 1976; Diamond et al. 1966; Greenough and Volkmar 1973; Greenough et 
al. 1978; Kempermann et al. 1997b; Rosenzweig and Bennett 1996; Walsh et al. 1969; 
Walsh and Cummins 1979) as well as social and exploratory behaviour (Haemisch et al. 
1994; Lewejohann et al. 2006; Richter et al. 2013; Schrijver et al. 2002; Whimbey and 
Denenberg 1967). 
The effects of environmental enrichment have been shown to be mainly beneficial ones, 
such as accelerating the habituation to novel stimuli, decreased anxiety-like behaviour 
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coupled with a general disposition to explore the environment and enhanced spatial 
memory (Birch et al. 2013; Chamove 1989; Inglis 1975; Kempermann et al. 2002; 
Kempermann et al. 2004; Leger et al. 2014; Schrijver et al. 2002). In groups of male 
mice, however, environmental enrichment can increase territoriality, aggressive behaviour 
and corticosterone levels. As a consequence, the group hierarchy is less stable (Haemisch 
et al. 1994).  
   
Fig. 6 – Environmental enrichment: A) Large laboratory mouse cage with typical enrichment objects such 
as tunnel, balls and little houses. B) Zoo lion playing with a bag containing food (© Mickey 
Samuni-Blank/commons.wikimedia.org/CC-BY-SA-3.0).  
The first report of environmental enrichment as a stimulator of murine adult hippocampal 
neurogenesis came from Kempermann et al. in 1997 and was confirmed for rats by 
Nilsson et al. in 1999. The complexity of the home cage has since been shown to act on 
neurogenesis levels mainly by promoting the survival of neuronal precursors and 
preventing apoptosis (Brandt et al. 2003; Ge et al. 2007; Kee et al. 2007; Kronenberg et 
al. 2003; Steiner et al. 2008; Tashiro et al. 2007; Young et al. 1999). Possible mediators 
of these effects are Presinilin1 (Feng et al. 2001), BDNF (Rossi et al. 2006), VEGF (Cao et 
al. 2004) and NGF (Birch et al. 2013). Apart from new neurons, environmental enrichment 
also brings about a slight increase in astrocytogenesis (Kempermann et al. 1997b; Walsh 
and Cummins 1979).  
There is no consensus on how to define environmental enrichment nor as to which 
elements it should include (Van de Weerd et al. 2002). In laboratories, it is common to 
include all or some of the following aspects: more space, larger groups of animals, toys 
(objects to explore, gnaw or climb on; see Fig. 6A as an example), nesting material as 
well as some form of novelty (changing objects or rearranging environment regularly). In 
some studies, no distinction is made between exercise and enrichment and a running 
wheel is included in the enriched cage (e.g. Kempermann et al. 1997b, see below).  
!" #"
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There is some debate about whether “enrichment” is really that or whether it is simply a 
situation a little less impoverished when compared to the common laboratory standard 
housing of rodents (Cummins et al. 1977; Greenough 1976; Mason et al. 2007; Wolfer et 
al. 2004; Würbel 2002). It has been shown that the majority of standard housed mice 
displayed stereotypical behaviour, i.e. abnormal repetitive behaviour, resulting from 
motivational frustration (Mason et al. 2007; Wolfer et al. 2004; Würbel 2001; Würbel and 
Stauffacher 1996). This was accompanied by increased anxiety-like behaviour and 
impaired brain development (Würbel and Stauffacher 1996). In the light of this, Würbel 
and Stauffacher suggested that animals displaying stereotypical behaviour are not suited 
for any form of behavioural testing and neuroscientific research in general (1996).  
As well as being an established research paradigm, environmental enrichment is also 
employed to promote the wholistic well-being of captive animals. The World Association 
of Zoos and Aquariums (WAZA) encourages zoological institutions to use environmental 
enrichment addressing a wide range of sensory modalities of zoo enclosures in order to 
provide a stimulating space so that the animals can carry out species-specific behaviour 
and retain a certain amount of choice and control over their environment (Fig. 6B). Both 
aspects contribute considerably to their mental and physical health (www.waza.org 2014). 
Although means and implementation are different in zoos and research facilities, the 
objectives are not so different (Leach et al. 2000; Mason et al. 2007). The general aim of 
keeping research animals well and healthy through environmental enrichment is 
supported by the fact that mice given the choice between different environments strongly 
prefer the most complex housing (Chamove 1989; Mustroph et al. 2012).  
The aim of standardisation in research, meanwhile, is to make the animals' preconditions 
more homogeneous and thereby research results generalisable and repeatable. Using 
homogeneous samples also requires smaller sample sizes (Beynen et al. 2003; Festing 
2004; Öbrink and Rehbinder 2000). Critical voices have therefore raised concerns about 
enriched cage designs as a standard housing condition as they might increase variance 
among the animals and subsequently interfere with the reproducibility of results (Eskola 
and Kaliste-Korhonen 1999; Gärtner 1999), but this has been shown to be not the case 
(Wolfer et al. 2004). Moreover, even the most rigouros standardisation schemes can lead 
to inconclusive and irreproducible results (e.g. Crabbe et al. 1999; Lewejohann et al. 
2006; Wahlsten et al. 2003; Wolstenholme et al. 2011). Together with the fact that many 
phenotypes are strain-specific (e.g. Kempermann et al. 1997a; Overall et al. 2013), the 
question arises whether a systematic variation of both environmental and genotypic 
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aspects might not yield robuster and more generalisable results, even if they come at the 
cost of larger sample sizes (Richter et al. 2009; Richter et al. 2011; Würbel 2002).  
It has recently been proposed that enrichment as such has no significant effect on adult 
neurogenesis and that exercise alone is the inducing factor (Kobilo et al. 2014; Mustroph 
et al. 2012). This is in contrast to many current and preceding reports (e.g. Birch et al. 
2013; Fabel et al. 2009; Kempermann et al. 2002; Leger et al. 2014; Monteiro et al. 
2014). Of course, enriched environments often include larger space and more incentive to 
move but this can hardly qualify as aerobic exercise: Unless a running wheel is provided, 
the mice will still not have the opportunity to run as much as they would in the wild. It is 
more likely that the crucial part of the enrichment paradigm is that it includes the aspect 
of spatial learning, which has been shown to have similar effects (Ambrogini et al. 2000). 
Thus, novelty and complexity rather than simple locomotion are more likely to be 
responsible for the enrichment effect (Gould et al. 1999b; Kempermann et al. 2002; 
Kempermann et al. 2004; Kronenberg et al. 2003). 
Further opposing the above-mentioned views of exercise as crucial cue of environmental 
enrichment is a report of running and enrichment having complementary and additive 
effects on net neurogenesis (Fabel et al. 2009; Kronenberg et al. 2003). Physical activity 
acts on the organism as an indicator for a possible cognitive challenge and thus “primes” 
DG plasticity by inducing proliferation. The available new cells are then incorporated 
according to the demands of the environmental situation. Neurogenesis is modulated by 
enrichment and exercise via different pathways (Olson et al. 2006) and the net outcome 
when both paradigms are combined is higher than when the mouse is subjected to only 
one of them (Fabel et al. 2009). Still, some form of active participation is required, as 
mere watching of environmental complexity does not enhance neuron production 
(Ferchmin and Bennett 1975).  
In contrast to the immediate effects of exercise on neurogenesis (Kronenberg et al. 2003; 
Steiner et al. 2008), enrichment appears to rather exert its full influence after longer term 
exposure (Birch et al. 2013; Kempermann and Gage 1999; Kempermann et al. 2002; 
Leger et al. 2014). A recent behavioural study could show improved object recognition in 
mice after 24 h enrichment already but it took at least three weeks to elicit a reduction in 
anxiety-like behaviour (Leger et al. 2014). That the range of effects is time-dependent 
was also shown by Birch and colleagues (2013) who reported that rats had a better 
object recognition when tested after three weeks enrichment and after six weeks 
additionally displayed improved spatial and working memory abilities.  
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Although the animals used for these studies are most often quite young, the effect of 
enrichment on adult hippocampal neurogenesis can also be found in older animals. While 
the total number of new cells is lower in old age, the relative increase in neurogenesis in 
response to environmenal enrichment is much larger than in young mice (Kempermann et 
al. 2002; Kempermann et al. 1998). Environmental complexity in early life on the other 
hand, exerts a neuroprotective effect for a long time even after the enrichment is ended 
and preserves a neurogenic potential in the adult (Gross et al. 2012; Kempermann and 
Gage 1999). Dendrite growth has been shown to be modulated by environmental 
enrichment in young rats but has no such effect on adult ones (Fiala et al. 1978). 
Hippocampal neurogenesis is not directly assessible in humans but there have been 
studies indicating that the situation is the same as in mice. Psychologists working with 
children in Romanian orphanages reported that the neglect and environmental deprivation 
leads to delays in social and cognitive development (Kaler and Freeman 1994; Rutter et 
al. 1999; Windsor et al. 2007). Kaplan et al. recently showed elevated hippocampal 
processing (fMRI) when encountering novel stimuli during a virtual spatial navigation task 
(2014).  
1.2.3 Social parameters  
Although social aspects are suspected to play a major role in the influence of enrichment 
and on adult hippocampal neurogenesis in general, social relationships are seldom directly 
and specifically addressed in this line of research. One reason for this might be that social 
parameters tend to be subtle and often hard to define, record and evaluate. In many 
regards, therefore, we can only speculate about their impact on neurogenesis based on 
inferences we can draw from other known effects.  
An issue that has been a matter of debate for a while is whether or not social isolation of 
mice is detrimental to hippocampal neurogenesis. Wild mice, like many other rodents, are 
very social animals living in large family groups. Many inherent behaviours and needs of 
the mouse are owed to this circumstance. Huddling together in tight groups during 
sleeping periods, for example, is important for group cohesion and safety as well as for 
the metabolic balance of each of its members (Batchelder et al. 1983; Scantlebury et al. 
2006; see Fig. 7). Thus, is not surprising that keeping mice on their own is considered by 
many to be a stressful and unhealthy condition. Housing mice singly has been associated 
with a delay in DG proliferation in response to wheel running, with additional stress 
abolishing the run effect entirely (Stranahan et al. 2006). Leasure and Decker had shown 
the same delay for rats before (Leasure and Decker 2009). In contrast to this, 
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Kannangara and colleagues (Kannangara et al. 2009) reported that the effect of exercise 
on neurogenesis was not different for isolated and socially housed mice. If the mice 
experienced additional stress, it was only the isolated group which displayed an increase 
in cell proliferation (Kannangara et al. 2009). A recent paper reported a slight but non-
significant increase in new DG neurons in double-housed compared to single-housed DBA 
mice which had had four days access to running wheels (Overall et al. 2013). 
    
Fig. 7 – Huddling during the sleeping period: mice in the large enrichment enclosure used in the experiment 
presented here (chapters 2.2 and 3.2.4) voluntarily huddle tightly together in nesting boxes.  
Chronic isolation has moreover been shown to prevent hippocampus-dependent social 
recognition of conspecifics in mice (Kogan et al. 2000). This finding was recently 
confirmed and at the same time, it was reported that environmental enrichment could 
prevent this isolation-induced impairment (Monteiro et al. 2014; see also Schrijver et al. 
2002). 
In many studies, the effect of the group size within one enclosure is not a matter of 
consideration. Still, in the confined space of laboratory enclosures, this aspect is likely to 
be very important (Schuhr 1987; Shemesh et al. 2013). The hierarchical structure and 
subsequent behaviour of individual female mice depends on how many mice are alotted 
to the same cage and a certain number of mice creates a specific pattern of behavioural 
constellations (Schuhr 1987). Notably, the stability of the hierarchy also depended on the 
number of animals per cage in this study and there was correlation between social rank 
and plasma corticosterone (Schuhr 1987) similar to that shown in male mice (Lough and 
Higginbotham 1967).  
The hierarchical stability of a social group has been shown to be a general and important 
factor for its members' corticosterone levels in various captive and wild mammals 
(recently reviewed by Angelier and Wingfield 2013; also Haemisch et al. 1994; Saltzman 
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et al. 1998; Sapolsky 1992; Seeman and McEwen 1996). In wild-living baboons, 
subordinate individuals have lower levels of neurogenesis, probably due to social stress 
(Wu et al. 2014). In contrast to this, it has been shown that among wild female 
marmosets, higher-ranking animals have higher corticosterone levels but neurogenesis 
was not assessed in this study (Saltzman et al. 1998). Generally, the structure of the 
social groups has to be taken into account when attempting to draw conclusions from an 
animal’s status regarding its stress levels and their influence on hippocampal neuron 
production capacity. In the eusocial naked mole rat, for example, the conventional 
concept of subordination being stressful and thus detrimental to neurogenesis does not 
apply and the opposite seems to be the case (Peragine et al. 2014). 
Early life exposure of rats to environmental complexity in combination to rearing with a 
large number of conspecifics has been associated with thicker occipital cortices and 
hippocampi (Walsh et al. 1969) and improved problem solving (Whimbey and Denenberg 
1967) compared to simple and isolated housing. Social stress in adolescence can acutely 
downregulate hippocampal neurogenesis as well as play behaviour in rats. Animals are, 
however, resilient to persistent effects if they are housed in groups (Buwalda et al. 2013).  
Mother-offspring relationships have considerable impact on future brain plasticity and 
behaviour. Higher quality of maternal care leads to a higher density of glucocorticoid 
receptors in the hippocampi of the pups. They subsequently have a better stress 
resistance due to a lower response of the hypothalamic-pituitary-adrenal axis as adults 
(Francis et al. 1999; Liu et al. 1997). This is mainly transmitted via epigenetic 
mechanisms (Szyf et al. 2008; Weaver et al. 2004; Weaver et al. 2005). Adult female 
prairie voles (Ruscio et al. 2008) and rats (Furuta and Bridges 2009) react to exposure to 
pups with an increase in neurogenesis. Further, it has been shown that postnatal 
neurogenesis is responsible for recognition between parents and adult offspring (Mak and 
Weiss 2010). 
Between potential mating partners, pheromones are an important way of communicating. 
In adult female mice, scent marks of dominant males can elevate neurogenesis levels in 
both olfactory bulb and hippocampus (Mak et al. 2007). This is connected to the secretion 
of the hormone prolactin and can induce maternal behaviour in the females (Larsen et al. 
2008). In male mice, sexual activity lessens the impact of chronic stress on neurogenesis 
and improves recognition memory. This is accompanied by an increase of BDNF, TrkB and 
cREB in the hippocampus (Kim et al. 2013).  
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Night-time crowding of mice does not have an effect on neurogenesis but proved to be 
anxiolytic (Ago et al. 2014). Survival of new DG neurons is important for a long-term 
learning effect of social avoidance after social defeat stress (Lagace et al. 2010).  
For the assessment of physiological mediators between social aspects and neurogenesis, 
two proteins could turn out to be important: (1) MBD1-deficient mice have impaired adult 
hippocampal neurogenesis (see chapter 1.1.4) and behavioural features associated with 
autism, i.e. abnormal brain serotonin patterns, increased anxiety-like behaviour and 
reduced social interaction (Allan et al. 2008; Zhao et al. 2003). (2) The neurotrophic 
factor and astrocyte marker S100# has been found to reduce anxiety-like behaviour when 
overexpressed in mice reared in a stable environment. This effect was not present in 
S100#+ mice from an unstable rearing environment, which at the same time had higher 
levels of hippocampal neurogenesis. Thus, it seems that high S100# levels make an 
individual more susceptible to social and other environmental stimuli and increase brain 
plasticity as well as variability in behavioural phenotypes (Buschert et al. 2013).  
1.3 Individuality development 
The development into an individual, i.e. the path from a genetic blueprint combined with 
an array of epigenetic expression sign posts to a unique physical, psychological and 
behavioural phenotype that has been – within its species-specific boundaries – shaped by 
and adapted to environmental demands, is a trait that is common to all living things. 
Individuality has been defined “as the collection of behavioural or physiological traits, 
both innate and acquired, that distinguish one animal from near relatives that, as far as 
possible, share the same genetic and environmental background” (Lathe 2004).  
Psychologists have developed psychometric tools to determine personality traits, such as 
the Five Factor Model or “Big Five” (Costa and McCrae 1992). Its five dimensions are 
extraversion, conscientiousness, agreeableness, emotional stability and openness to 
experience and are supposed to circumscribe a human character. The factors are not 
directly applicable to and assessable in animals but similarly appropriate measures have 
been defined to describe their personalities (Biro and Dingemanse 2009; Carter et al. 
2013; Ibáñez et al. 2007; Ibáñez et al. 2009; Sih et al. 2004a; Sih et al. 2004b). Biologists 
and psychologists are still trying pinpoint why some traits are there to begin with and 
others emerge over time and in response to certain environmental cues, why part of 
personality is consistent and another plastic.  
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While we often assume that laboratory animals with the same genetic background are 
identical, it has been shown that this is not the case (Lathe 2004; Wahlsten et al. 2003). 
When analysing research results, it is necessary to take individual differences into account 
as they affect statistical power and applicability of the results (Martin and Kraemer 1987). 
The following sections will briefly outline the processes and factors leading to the 
development of an individual.  
1.3.1 Mechanisms and contributing factors 
In the last decades, numerous studies have focussed on heritabilities of certain traits and 
the consistency of related phenotypic traits. A longitudinal study from 1963 reported that 
certain basic behavioural characteristics of newborn human babies persist over a long 
time and predict behaviour in later childhood (Thomas et al. 1963). Indeed, many 
phenotypical attributes of personality are genetically determined and consistently 
observable throughout life. The tool of choice in psychological studies aiming at teasing 
apart the relative contributions of environment and genome are twin studies. Bouchard 
and colleagues have employed a large set of data from monozygotic (MZ) twins reared 
apart to show that most psychological traits are moderately to strongly genetic (1990). 
Another study also reported that, although it was hypothesised that the cognitive abilities 
of twins become more independent over the life course, the genetic component in this 
regard was higher (Rietveld et al. 2003).  
Still, and despite the many anecdotes of MZ twins reared apart and leading uncannily 
similar lives as adults, the picture is far from conclusive. It has been shown that 
epigenetic factors play an equally large role as genetic ones (Fraga et al. 2005; Schneider 
et al. 2010; Talens et al. 2012; Weaver et al. 2004; Weaver et al. 2005; Zucchi et al. 
2012). Although MZ twins have similar epigenetic profiles in the beginning (Fraga et al. 
2005; Talens et al. 2012), they are not exactly the same. As in genetic transmission, there 
are always a few errors in each copy. Unlike the genome, however, the epigenome is 
susceptible to changes during lifetime. It has been shown that MZ twins, which are 
epigenetically indistinguishable in early life, accumulate differences as they age and that 
most of these changes can be associated with environmental influences and stochastic 
effects rather than familial factors (Fraga et al. 2005; Schneider et al. 2010; Talens et al. 
2012). This has been related to an increasing probability for discordance with age for 
developing pathologies. These discordances appear to be relatively high for behavioural 
disorders and lower for medical disorders (Wong et al. 2005).  
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Via epigenetic signals, environmental factors can affect individual development at all 
stages of life. In mice, it has been shown that even before birth, stress of the mother can 
alter the stress reactivity and thus lead to increased anxiety-like behaviour in the adult 
offspring (Maccari et al. 2003). Moreover, prenatal stress of the mother affects the 
hippocampal structure and spatial learning of the young animals (Lemaire et al. 2000; 
Yaka et al. 2007; Yang et al. 2006). 
Behavioural changes can also be induced by stress inflicted in the early life phase of the 
pups (Mirescu et al. 2006; Oomen et al. 2011; Oomen et al. 2010). Not only 
experimentally induced stress can alter the behaviour of the offspring: naturally occuring 
variation in the quality of maternal care has been associated with differences in endocrine 
stress response, synaptic plasticity and stress response (Meaney 2001b; Weaver et al. 
2004; Weaver et al. 2005). Moreover, perinatal nutrition can have an impact on epigentic 
signatures and subsequently on brain structure and behaviour of the pups (Benton 2010; 
de Rooij et al. 2010; Isaacs et al. 2010; Wiener et al. 1976). This topic has also recently 
been reviewed by Lucassen and colleagues (2013). 
The rearing environment shapes the individual as well. Whimbey and Denenberg reported 
that rats could be behaviourally “programmed” by subjecting them to differential handling 
and environmental complexity in infancy (Whimbey and Denenberg 1967). They 
concluded that the genetic influence in this homogenous group of rats was negligible and 
that stable and permanent differences in emotionality could be created by specific 
experimental interventions. As has been written in chapter 1.2.2, enrichment in early life 
makes the adult animal behave less anxiously and more exploratively (Inglis 1975).  
Even adult and developmentally “complete” animals are not unaffected by environmental 
factors. In mice, the size of the group as well as interactions between the mice and with 
the environment have been shown to influence dominance structures and hierarchical 
stability. This in turn also influences the behaviour of each individual member (Schuhr 
1987; Shemesh et al. 2013).  
1.3.2 The nature versus nurture controversy 
The question of the proportions of the influences of genetics and environment – the 
nature or nurture debate – has been discussed for many centuries. Although modern 
biological and medical studies employing human and animal subjects have recently tried 
to get to the bottom of this issue, historically, it was mainly the terrain of philosophers 
and psychologists. The stricter defenders of the “nature” side of the argument are 
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convinced that certain abilities and skills are inborn and universally fixed in the brain and 
do not need to be acquired or learned. These ideas and skills would either be placed in 
the mind by God (”innatism”) or else written in genetic code (“nativism”) before birth. 
Famous defenders of this philosophical idea were e.g. Plato, René Descartes, Gottfried 
Wilhelm von Leibniz and the philosopher and psychologist Noam Chomsky. Opposed to 
this, defenders of the “tabula rasa” theory are of the opinion that we are born without 
any knowledge and that everything that defines a person accumulates through sensory 
input and experience over the life course (“empiricism”/”behaviourism”). The most 
vigorous supporter of this idea was probably the English philosopher John Locke, a 
contemporary of Leibniz, but also more recent researchers such as Ivan Pavlov and B.F. 
Skinner thought along the same lines (Carruthers 1992; Ridley 2003). 
As already outlined in the previous chapter, many animal model and human psychological 
studies have tried to strengthen one side or the other. The Minnesota twin studies, for 
example, came to the conclusion that most psychological traits are mainly genetically 
determined (Bouchard et al. 1990). Certain temperamental traits have been shown to be 
persistent over time and context in rodents (Franks et al. 2012; Ibáñez et al. 2007; 
Ibáñez et al. 2009; Reale et al. 2007) and humans (Higgins et al. 1997; Lykken 1982; 
Thomas et al. 1963). In contrast, environmental factors have been reported to have huge 
impact on personality development (see previous chapter).  
Of course, most scientists acknowledge that both factors have a part in the emergence of 
individual behaviour. However, there seems to be a conceptual problem, as most 
experimental designs focus only on proving to what extent either nature or nurture 
contributes. Several critical voices have lamented that this approach does not make much 
sense as the process of development can only be understood as the product of both. 
Thus, neither the genetic nor the environmental contribution can be studied as an 
independent unit (Lewontin 1980; Meaney 2001b; Schönemann 1997; Wahlsten and 
Gottlieb 1997). This view is underscored by experimental data focussing on gene-
environment interactions rather than on relative or absolute contributions of one. In his 
2001 publication, Michael Meaney described an experiment by Cooper and Zubek (1958) 
in which the scientists worked with so-called maze-bright and maze-dull rats. These 
animals had been selectively interbred based on their performance in the Hebb-Williams 
maze. Over many generations, the differences in maze performance had diverged 
between the strains. Offspring of both strains were then housed in impoverished, control 
and enriched enclosures after weaning and tested in the same maze as adults. The 
normal strain differences were only present in the mice reared under control conditions, 
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i.e. under the same conditions the first breeding couples were raised. The maze-bright 
rats were severely affected by the impoverishment showing an increased error rate in the 
maze and their overall performance was reduced to that of the maze-dull rats. 
Enrichment, on the other hand, did little to improve the maze-bright rats' performances 
but induced a massive error reduction in the maze-dull rats in comparison to the control 
animals (Cooper and Zubek 1958; Meaney 2001b).  
This is an impressive example of how genome and environment depend on each other. 
The robust genetic preconditions were attenuated to a point at which the strains were no 
longer distinguishable. The magnitude of the environmental effect depended on the 
genome (Cooper and Zubek 1958; Meaney 2001b). These findings are strengthened by 
reports from other groups also showing that strain differences depend on the 
environment (Cabib et al. 2000; Crabbe et al. 1999). Morever, strain-defining traits such 
as stress-reactivity can be abolished by cross-fostering the pups with mothers from 
another strain (Francis et al. 1999; Liu et al. 2000). Many of the results concerning 
heritability and environmental effects might thus actually be idiosyncratic as they usually 
only take one of the two factors in to account and leave the other unmanipulated (Richter 
et al. 2009; Richter et al. 2011; Würbel 2000).  
Using psychometric tools, it has emerged over the years that both camps of the nature 
vs. nurture debate seem to be right to some degree and the solutions to specific problems 
depend on how one approaches the issue (Meaney 2001b). For researchers in this area, it 
is thus necessary to acknowledge that no phenotype can arise from genes or environment 
alone and that the question which part is the determining contributor to phenotype is 
basically a nonsensical and misleading one (Lewontin 1980; Meaney 2001b; Wahlsten and 
Gottlieb 1997).  
1.4 The large enclosure project 
Considering the strong association between adult neurogenesis and physical activity in 
connection with ability to navigate in space, it is somewhat surprising to find a 
comparatively small number of publications on hippocampal neuron production in wild-
living or large enclosure kept mammals (e.g. Amrein et al. 2004b; Barker et al. 2005; 
Boonstra et al. 2001; Freund et al. 2013; Gould et al. 1999a). Moreover, there are only 
few studies on murine social behaviour and territory development in natural or semi-
natural settings (e.g. Hurst 1987; Lewejohann et al. 2009; Lidicker 1976; Lloyd 1975). 
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Against the backdrop of the aspects elaborated in the above chapters, my doctoral project 
aims at shedding light on the following research questions:  
• How does a large and complex environment shape individual behavioural profiles? 
• Specifically, if a group of genetically identical mice is put into the same 
environment, will they still develop individual behaviour? 
• If this is the case, are the differences in the start phase of the experiment 
predictive of the differences at the end? 
• Are these individual differences reflected in adult neurogenesis as a particular and 
environmentally sensitive aspect of brain plasticity? If so, how? 
• How do certain behavioural patterns relate to hierarchical status in female mice? 
As one can deduce from the sequence of the questions, my hypothesis is that the initially 
identical animals do indeed develop stable and recognisable individual behaviour over 
time. I moreover hypothesised that mice with a greater experiential range, i.e. more 
flexible use of their environment, have higher levels of adult hippocampal neurogenesis.  
The following chapters will describe the experiment and subsequent results in detail and 
perorate with a discussion of this project in the light of recent literature. 
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2 MATERIALS AND METHODS 
2.1 Animals and experimental groups 
100 female C57BL/6N mice from as many different litters as possible were obtained from 
a commercial breeder (Charles River, Sulzbach, Germany) at 4 weeks of age. During one 
week of acclimatisation, the mice were kept in groups of ten. Within this week, each 
animal had an RFID (radio frequency identification) transponder implanted in its neck (see 
chapter 2.2). For visual distinction, the mice were marked with an individual colour code 
on ears and tail using marker pens (Edding Lackstift 780; see Fig. 8). These markings 
were renewed weekly while the cages were cleaned and after the mice were weighed 
(see also maintenance procedures in chapter 2.2). The mice were randomly assigned to 
one of three groups at the start of the experiment and put into the corresponding 
enclosure (described in chapter 2.2): 80 animals were put in enrichment (ENR), 8 animals 
made up the baseline group (i.e. the control at start of the experiment, CTR0) and the 
control group (CTR) contained a further 12 mice. For the randomisation scheme, a freely 
accessible form for scientific randomisations at www.randomizer.org was used. In all 
enclosures, the animals had bedding, nesting material and ad libitum access to food and 
water. They were kept in a constant light/dark cycle of 12 h. 
 
Fig. 8 – Two ENR mice with colour codes on ears and tail, exemplifying the visual distinction system within 
the large enclosure: The mouse in front is blue-white (bw), the other pink-black (pl). The animals 
were listed with animal number and colour code, in case of the two mice: 24-bw and 47-pl. 47-pl is 
sitting inside a connecting tube and within range of an RFID antenna encased in a grey plastic ring.  
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The ENR and CTR animals lived for 105 days in their enclosures and were then killed. 
Three weeks before, all animals had received three injections of the thymidine analogue 
BrdU (5-Bromo-2$-deoxyuridine; SIGMA-Aldrich; conc.: 50 mg/kg body weight) 
intraperitoneally, one on each of three consecutive days, respectively. BrdU was 
administered to CTR0 at the start of the experiment and the animals were sacrificed three 
weeks later (see experimental schedule, Fig. 9). By leaving three weeks between labelling 
the newly synthesised cells and perfusion, only the cells which had successfully integrated 
into the neuronal network were taken into the analysis (see chapter 2.4). 
 
Fig. 9 – Experimental schedule (see text for details) 
Before perfusion, the mice were deeply anesthetised with a ketamine and xylazine 
mixture (Ketanest®, 100 mg/kg body weight and Rompun®, 10 mg/kg body weight in 
saline solution). Transcardial perfusion with 0.9% NaCl and subsequently with 4% 
paraformaldehyde (Roti®-Histofix 4%, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) 
followed. All brains were dissected (cut from the spinal cord just below the brain stem), 
wet-weighed and left in paraformaldehyde for a 24 h postfixation. The brains were then 
transferred to 30% sucrose in 0.1 M phosphate buffer (pH 7.4).  
National laws and institutional guidelines were strictly adhered to and all experiments 
were approved in advance by the appropriate authority, the Westfälische Wilhelms-
Universität Münster (reference no. 8.87-50.10.36.08.250).  
2.2 Enclosures and tracking system 
The 80 ENR animals were divided into two identical large enriched enclosures, i.e. 
40 animals per enclosure. Each of the two enclosures had a square ground area of 1.75 m 
side length and was 2 m high (see also Lewejohann et al. 2009, for general cage 
measurements). The floor and elevated levels were made of thick plywood and the cages’ 
sides and tops were built from wire mesh. The cage had a man-sized door in the front. 
The ground area was divided into two equally sized areas by a plywood board. Moreover, 
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Fig. 10 – Large enriched enclosure comprising five levels interconnected by tubes. All tubes and water 
bottles were equipped with RFID antennas. The topmost levels had a nesting box each; A) 
Schematic 3D-model of the large enclosure, antennas shown as red rings (generated by Steffen 
Vogler; from Freund et al. 2013. Reprinted with permission from AAAS); B) Photograph of the 
enclosure; the orange caps were to prevent the animals from reaching the cables, RFID antennas 
are hidden from view inside the grey rings; C) Emigration cage with water basin. 
!"
#" $"
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there were three elevated levels above the ground area and the animals could roam freely 
between all the areas of the enclosure by crossing plexiglass tubes connecting the levels.  
The area available to the animals was approximately 5 m2 per enclosure in total. Water 
and food sources were provided on each level. Each of the two topmost levels held a 
nesting box the animals were able to enter through a plexiglass tube (see Fig. 10A and 
B). Several enrichment objects were placed throughout the enclosure (e.g. plastic and 
cardboard tubes, flower pots, wooden scaffolds; see Fig. 10B).  
The mice were given the opportunity to evade possible high social pressure by crossing a 
tube in the enclosure’s front leading to a water basin. After swimming through the water, 
they would enter an emigration cage (see Fig. 10C). The idea of the water basin was that, 
as they are by nature averse to swimming, the mice would not investigate the emigration 
cage under normal circumstances. The water basin was left empty for the first night of 
the experiment to give the animals the opportunity to remember the position of the 
emigration cage.  
By use of the RFID system, I was able to track the animals over the entire course of the 
experiment. As already mentioned in chapter 2.1, each mouse was briefly anaesthetised 
with Isoflurane and injected with a passive integrated transponder (PIT, Trovan ID-100B 
Animal Implantable Transponder; diameter: 2.12 mm; length: 11.5 mm, see Fig. 11B) 
into the subcutis of the neck. Passive means that the transponders do not actively 
transmit information. They only emit the stored data, in this case a unique ten-digit 
number, when the transponder is in proximity to an antenna issuing a close-range 
electromagnetic field (Figs. 8 and 11B).  
           
Fig. 11 – RFID tracking system: A) Schematic view of the detection process: a mouse with an implanted 
transponder comes within range of an antenna’s electromagnetic field. The activated transponder 
in turn emits the stored data to the antenna (picture by Gerd Kempermann, from Freund et al. 
2013. Reprinted with permission from AAAS); B) An RFID passive integrated transponder with a 
coin for comparison of size.  
The data acquisition was carried out using the software programme Jerry 2 Recorder, 
especially developed for these purposes by the Institute for Geoinformatics in Münster, as 
!" #"
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well as by use of a MySQL database. Before the experiment was started, the positions of 
the antennas were fed into the computer in order to define the areas of the enclosure. 
20 ring-shaped RFID antennas were systematically placed throughout each of the two 
enrichment enclosures, enabling the system to detect level changes as well as the use of 
nesting boxes and water sources (Figs. 8 and 10). CTR and CTR0 were housed in standard 
cages size 3 with four animals to each. For a basic activity record of the CTR animals, 
their cages each had a thin wall dividing the access to water from access to food. In order 
enable the mice to retrieve both, the wall had a hole equipped with an antenna at the far 
end of the cage (Fig.12). The two CTR0 cages held no antennas. 
Maintenance and cleaning procedures where as follows. Once a week, all animals were 
taken from their cages in order to weigh them and renew the colour markings on ears 
and tail. While this was on-going, CTR and CTR0 cages were changed and food and water 
sources cleaned and refilled in all groups. Moreover, bedding in the ENR enclosures was 
replaced where necessary and objects destroyed by the mice, such as cardboard tubes 
and bedding material, were replaced in this time. Upon reintroduction of the mice to their 
respective cages, they received a small amount of dry oat flakes. The ENR nesting boxes 
received new bedding every other day. Every month, the entire ENR enclosure was 
cleaned and bedding was completely changed. Whenever the bedding in a cage was 
exchanged, a small amount of the old bedding was distributed on top of the fresh one. 
Thus, the animals would not suffer the stress of being placed in an unfamiliar-smelling 
environment. During the whole experiment, the enclosure was only entered by myself. I 
did this only when necessary and wearing overshoes. 
.
Fig. 12 – Control cage with 
lengthwise dividing wall separating 
food from water. An RFID antenna 
is attached to the tube connecting 
both sides of the cage. 
 
 
 
The animals of the right large enclosure (ENRri) were used for histological analysis (see 
chapter 2.4) while the left enclosure (ENRle) was subjected to behavioural observations 
(see chapter 2.3). Both of these datasets were also analysed with respect to the RFID 
data obtained from both enclosures (see chapter 2.5). 
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2.3 Behavioural observations 
With the animals of ENRle, live observations were performed in three blocks of twelve 
consecutive days in order to assess the animals’ spontaneous behaviour (see Fig. 9). In 
each block, I recorded a total of 30 minutes in sessions of five minutes of each focus 
animal. There were no two observation sessions of the same animal at the same day. The 
focus animals were determined in the week preceding the observation block. Using the 
RFID database, the total number of antenna contacts in the week before each 
observation block was calculated. The twelve most active (MA) and the twelve least active 
(LA) animals were designated focus animals for the whole following block.  
Social Behaviours 
Socio-positive Behaviour:  
Body contact 
Allogroom 
Social Exploratory Behaviour: 
Naso-nasal sniff 
Anogenital sniff  
Approach  
Passive approach  
Agonistic Behaviour: 
Chase  
Passive chase 
Push 
Passive push 
Bite 
Passive bite 
Fight 
Retreat  
Tail tremble  
Self-related Behaviours 
Non-social Exploratory and Play 
Behaviour: 
Rear independently  
Dig  
Sprint 
Rear supportedly  
Manipulate object  
Leap  
Maintenance Behaviour: 
Drink  
Feed  
Root 
Autogroom  
Nesting  
Rest 
Stereotypic Behaviour Stereotypic behaviour  
 
Table 1 – List of recorded behaviours (see Annex 1 for detailed definitions).  
Before the experiment was started, an ethogram defining all the relevant behaviours had 
been established and its appropriateness and feasability confirmed in a preliminary test 
with different mice. The ethogram included diverse categories of behaviour such as socio-
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positive and agonistic behaviour, exploratory, maintenance and play behaviour (Table 1). 
The traits of each behaviour were defined in detail so that the counts and durations could 
reliably be recorded and compared (see Annex 1). 
The individual observation session lasted 5 minutes at the maximum and was 
discontinued when I lost track of the animal. A laptop computer with animal observation 
software (The Observer® XT 7.0, Noldus Information Technology, Wageningen, The 
Netherlands) was used for recording and storing the sessions. 
2.4 Histological analysis 
Following tissue fixation as described above, the brains of ENRri, CTR and CTR0 animals 
were cut into coronal sections (40 µm) on a copper block cooled with dry ice mounted on 
a sliding microtome (Leica, Bensheim, Germany). The resulting sections were 
cryoprotected and stored at 4°C. The number of surviving newly synthesised cells was 
quantified using the following protocol. 
First, the sections were stained with an antibody against BrdU. Free-floating brain 
sections were treated with H2O2 (0.6%) for 30 minutes in order to block endogenous 
peroxidase reactions. Intermediate washing steps were using tris-buffered saline (TBS, pH 
7.4). DNA denaturation was accomplished in 2 N HCl for 30 minutes at 37°C. To block 
unspecific antibody binding, sections were then treated with TBS++ (TBS supplemented 
with 0.2% TritonX-100 and 10% donkey serum) for 2 h. The sections were incubated at 
4°C overnight with rat anti-BrdU antibody (AbD Serotec), diluted 1:500 in TBS+ (TBS with 
0.2% TritonX-100 and 3% donkey serum). After the primary antibody was washed out 
the next day and subsequent blocking with TBS++, the sections were incubated for 2 h 
with biotinylated secondary antibody (donkey anti-rat, Jackson Immunoresearch), diluted 
1:250 in TBS+. ABC reagent (Vectastain Elite, Vector Laboratories) was applied for 1 h 
according to the manufacturer’s instructions. As a chromogen, 3,3’-Diaminobenzidine 
(DAB, Sigma; conc.: 0.25 mg/ml in TBS) was used in combination with 0.01% H2O2 and 
0.08% nickel chloride and subsequently rinsed with tap water and TBS.  
Stained sections were mounted on gelatine-coated glass slides. The dried slides were 
cleared in Neo-Clear® and coverslipped with Neo-Mount® (both: Merck, Germany). The 
amount of surviving BrdU-labelled SGZ cells was assessed. In every 6th hippocampus-
containing section, I counted all labelled cells in both hemispheres of each DG with a 
Leica light microscope. In order to estimate the total number of new cells per brain, the 
number of counted cells was multiplied by six.  
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To determine the new cells’ phenotypes, triple stainings for BrdU, astrocytic marker S100ß 
and neuronal marker NeuN were done. Using further sections, DNA denaturation and 
blocking of unspecific binding was performed as described above. Primary antibodies 
were diluted in TBS+ and applied as follows: mouse anti-NeuN 1:100 (Chemicon), rabbit 
anti-S100ß 1:1000 (Abcam) and rat anti-BrdU 1:500 (AbD Serotec). The sections were 
incubated overnight at 4°C. Fluorochrome-coupled secondary antibodies were anti-mouse, 
anti-rabbit and anti-rat (1:250, Jackson Laboratories). Mounted sections were 
coverslipped with Aqua Poly/Mount® (Polysciences, Inc.). 
All counting was done blinded and by myself using a Zeiss Apotome. At least 100 
randomly selected BrdU-positive cells per animal were phenotyped. Having assessed the 
absolute number of BrdU cells in a given brain beforehand, I could now convert the 
percentage of cells expressing BrdU in combination with another marker into the absolute 
number of cells per phenotype in the whole brain. 
2.5 RFID data analysis 
The RFID data analysis was carried out in cooperation with Dr. Andreas Brandmeier from 
the Max-Planck-Institute for Human Development in Berlin, Germany. He developed the 
mathematical framework necessary to derive the roaming distribution from the RFID data 
and ran subsequent tests. The results of this part of the analysis have been published in 
Freund et al. (2013) 
Each time a mouse came into the range of an antenna, an entry into the database was 
issued, recording time and date, mouse ID and antenna number. In the entire three 
months of the experiment, the RFID system recorded more than 7.6M events. For a 
quantitative analysis of this tremendous amount of information, we first performed a data 
reduction. Because mice’s natural activity period is the night-time, only night segments 
(dark phases from 8pm to 8am) were taken into account. In a second step, we generated 
discrete time-series for each mouse and each night segment. Each time-series was 
discretised to a length of 8,640 blocks representing consecutive segments of five seconds. 
A block corresponds to the last antenna contact within a five-second-segment. The 
domain of the resulting discrete time series is the unordered set of the twenty antenna 
identifiers.  
For an ethologically valid index of exploration, a new measure, the “roaming entropy” 
(RE) was derived. It denotes the entropy of the probability distribution for a particular 
mouse being at a given antenna at a given time. Thus, RE indicates the territorial range 
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of this mouse in a certain time frame. RE is a continuous measure. A low RE value means 
that a mouse has a small, stable home range. However, this does not mean that the 
mouse necessarily shows little locomotion in total, as it can still be moving a lot within this 
small space. Also, a large home range can be used and still yield low RE values, if few 
regulary frequented spots are far apart. In contrast, RE is high if the animal evenly uses 
the entire enclosure.  
Mathematically, the RE measure was obtained as follows: Based on the observed 
frequencies in the above-mentioned time series, probabilities of a mouse i being at 
antenna j at day t (pi,j,t) were estimated. In analogy to the Shannon entropy, 
Dr. A. Brandmeier from the MPIB calculated the Roaming Entropy (RE), i.e. the entropy of 
the roaming distribution of mouse i at day t, from the afore-mentioned probabilities:  
REi,t =! !!!!!!! !"# !!!!!!! !"# !!!!!  
In this equation, k denotes the number of antennas in the cage (k = 20). By use of the 
RE measure, territorial coverage differences between the mice can be quantified. The RE 
value can range between 0 and 1. Fewer antennas visited and more time spent at fewer 
locations results in a lower RE, while more antennas visited and less time spent in specific 
areas of the enclosure increases RE. Exaggeratedly put, mice which remain in the same 
place in the enclosure for the night would have an RE of 0, while mice which spend equal 
amounts of time at each of the enclosure’s antennas, would have an RE of 1.  
I had kept a manual log over the entire time of the experiment, thus recording all events 
that could possibly have disturbed the mice or interfered with data collections (e.g. 
entering the cage for cleaning or maintenance, computer reboots and antenna failures). 
All days when such disturbances took place as well as the days before and after were not 
taken into the RE analysis. Thus, only 43 of 96 observation days were taken into account. 
We aggregated the remaining observations into four time periods, each of which 
represented the average RE over 24 days. Cumulative summing of these average RE 
values yielded the Cumulative Roaming Entropy (cRE). Using the following structural 
equation (McArdle and Epstein 1987), cRE was modeled as a three-factor growth curve.  
 !"# ! ! !"#$%&$'#! ! ! ! !"#$%! ! !!!!! ! !!"#! ! !!!! 
Here, the measurement of cRE for individual i at time t is represented by cREi,t. The 
Intercepti, the Slopei, and the Expi are latent variables defining the intercept, the linear 
change score, and the exponential change score, respectively, of individual i over four 
repeated measures T1 (t = 0) to T4 (t = 3). The mouse- and time-specific residual error 
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is denoted !i,t. Normal distributions of intercept, linear change, and exponential change 
are assumed with variances !!!, !!! and !!! around their means !!!, !!! and 
!!! !!respectively. Covariation of the intercept and linear slope is allowed, while intercept 
and exponential slope, and linear slope and exponential slope are assumed to be 
independent. It was assumed that the !!!! are normally distributed with identical 
variance !!! across time and mean = 0, and independent of intercept, linear and 
exponential change, as well as of each other in time. The exponential term models an 
exponential deviation from a linear growth process with a rate of change assumed to be 
constant across individuals. Also, calculations without prior cleaning of the data, except 
for antenna failures, were performed.  
 
 
Fig. 13 – RE examples: Two mice on two different days showed their characteristic roaming distributions. 
The heatmap on the left shows that this animal has a clear preference for the middle left level 
nesting box and water bottle with only sporadic visits to few other spots in the cage (low RE). The 
heatmap on the right is of an animal with a higher RE: clear preferences are hard to make out, the 
mouse uses the enclosure with less bias. The arrow between the heatmaps shows the colour code 
used to illustrate the probability of finding the animals at certain spots in the environment: beige 
and yellow shades: high probability, green shades: medium probability, and blue shades: low 
probability (from Freund et al. 2013. Reprinted with permission from AAAS).  
The four adjoining time frames (T1, T2, T3 and T4) each represent the average RE in 24 
days. The averages were added up over time to obtain a cumulative RE measure 
(cumulative roaming entropy (cRE): cRET1 = RET1; cRET2 = cRET1 + RET2; cRET3 = cRET2 + 
RET3; cRET4 = cRET3 + RET4). We fitted a three-factor latent–growth curve model to the 
data in order to obtain estimates of intercept, linear change, and exponential change. The 
model fit was acceptable, the comparative fit index (CFI) was 0.986 and the root mean 
square error of approximation (RMSEA) was 0.099 (Freund et al. 2013). 
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2.6 Statistics 
The freely available R software (version 2.12.0, R Core Team, 2012) was used for all 
statistical analysis and data visualisation, except for bar graphs which were done in 
Microsoft Excel. Group differences (threshold p = 0.05) were analysed using ANOVA and 
Student’s t-Test. Correlations were done by use of Pearson’s test (p = 0.05). The 
histological data was corrected for multiple testing using the fdr-method (Benjamini et al. 
2001). As the results of the live observations could not be assumed to be normally 
distributed, all statistical analysis of observational data was done using the Mann-
Whitney-Wilcoxon test.  
All necessary randomisation steps were performed with the free online software tool 
Research Randomizer (www.randomizer.org). Randomised steps were: the placement of 
the mice from a large pool into experimental groups, creating groups from the existing 
datasets to simulate equal group sizes for analytic purposes (see chapter 3.5). 
Estimates for the structural equation model were done by Dr. A. Brandmeier with %nyx 
(von Oertzen et al. 2013) and confirmed with Mplus (Muthén and Muthén 2011). 
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3 RESULTS 
3.1 Physiological parameters 
3.1.1 Body weight 
The weekly weight check confirmed that all animals showed a normal age-dependent 
increase in body weight over time (Fig. 14). The groups did not differ at the startpoint 
(F2,89 = 0.427, p = 0.654) nor at the endpoint (F2,89 = 2.083, p = 0.131, one-way ANOVA). 
However, ENRle animals tended to be slightly heavier than the other animals in the final 
measurement (see Table 2 for details).  
 
 
 
Fig. 14 –  Weight development: Body weights of CTR, ENRle and ENRri animals at the first (left graph) and 
final measurement, i.e. at perfusion (right graph).  
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 START END 
df t p df t p 
CTR vs. ENRle 18.732 -0.066 0.948 25.554 -1.771 0.088 
CTR vs. ENRri 21.425 -0.671 0.510 27.205 -0.154 0.879 
ENRri vs. ENRle 76.449 0.836 0.410 77.768 -1.812 0.074 
 
Table 2 – Body weight comparisons: statictical parameters from t-tests (two-tailed, unpaired). 
3.1.2 Brain weight 
In contrast to the body weight, brain weight could – for obvious reasons – only be 
evaluated at the end of the experiment. There was no difference between the groups for 
this parameter (F2,89 = 1.400, p = 0.252, one-way ANOVA). The groupwise comparison 
revealed a trend towards lighter brains in ENRle if compared to CTR (t = -1.9115, 
df = 38.828, p = 0.064). No statistical difference was found for ENRri vs. ENRle (t = -
1.281, df = 75.705, p = 0.204) nor for ENRri vs. CTR (t = -0.7259, df = 32.06, p = 0.473, 
t-tests, unpaired, two-tailed; see Fig. 15).  
 
Fig. 15 – Brain weights of CTR, ENRle and ENRri at perfusion. See text for statistics. 
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3.2 Behavioural observations 
The following subchapters show the results obtained from ethogram-based live 
behavioural observations as well as other non-automated observations in ENRle. 
Behavioural analyses based on RFID data can be found in chapters 3.4ff.  
Ideally, the results in tables 3 and 4 should have been corrected for multiple testing. 
However, the due to the fact that the behavioural categories can not assumed to be 
independent of each other, the traditionally used methods of correction would 
overcorrect. Thus, I have included the uncorrected results in order to illustrate first 
trends. All analyses including ethogram-based are therefore to be regarded as 
preliminary. Further, more refined analyses are currently underway in cooperation with 
the MPIB.     
3.2.1 Ethogram-based behaviour 
In the following, MA behaviour is compared with LA behaviour, and only statistically 
significant behaviours are listed in Table 3. For a complete list of all behavioural statistics, 
see Annex 2.  
 
 
MA  number 
LA  duration 
 
Table 3 – Statistically relevant differences (Wilcoxon-test, uncorrected p-values) between MA and LA animals. 
Grey rows: behavioural main categories; yellow cells: behaviours in which MA animals surpass LAs; 
blue cells: behaviours in which LA animals surpass MAs; black writing: p-values for counted number 
of behaviour occurrence; red writing: p-values for recorded duration of behaviour; T = Trend 
(p " 0.1), * = p " 0.05, ** = p " 0.01, *** = p " 0.001.  
 
block 1 block 2 block 3 
blocks 2 and 3 
(consistent 
animals) 
Body contact      0.056T   
Socio-positive Behaviour      0.055T   
Passive push      0.061T 0.072T 
Tail tremble        0.033* 
Agonistic Behaviour        0.019* 
     
Rear independently    0.003**   0.005** 
Sprint      0.009** 0.045T 
Rear supportedly    0.042* 0.097T   
Manipulate object    0.039*     
Leap    0.008**     
Non-social Exploratory and Play 
Behaviour    0.001** 0.037* 0.008**  
Drink      0.053T   
Drink  0.022*       
Feed    0.018*   0.053T 
Autogroom     0.077T     
Maintenance Behaviour      0.078T   
Maintenance Behaviour      0.039*   
S
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l 
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ou
rs
 
S
el
f-
re
la
te
d 
be
ha
vi
ou
rs
 
 
 - 44 - 
 
Behaviour was analysed comparing the animals grouped in MA to those of the LA group 
for each behaviour separately as well as for the behavioural categories in total. 
Observation blocks 2 and 3 were also analysed together. There was no group comparison 
over all blocks, as the focus animal group compositions were too different and thus the 
targeted animals of block 1 could not be followed in the subsequent blocks (see next 
chapter for more detailed information).  
Generally speaking, MA animals seem to be more often involved in social behaviour (i.e. 
behaviour related to conspecifics, agonistic as well as sociopositive), while LAs are more 
often engaged in self-related behaviour and behaviour related to their non-animate 
environment (Table 3).  
   
Fig. 16 – Negative correlation of non-social exploration and play behaviour with total number of antenna 
contacts (left, r = -0.612, p = 0.012) and the overall activity ranking (right, r = -0.662, p = 0.005). 
Data from entire experimental time is included in the analysis. 
The behavioural category non-social exploratory and play behaviour showed a strong 
negative correlation with both the total number of antenna contacts (r = -0.612, 
p = 0.012) and the animals’ positions in the activity ranking over the entire 
experimentation time (r = -0.662, p = 0.005; see Fig. 16). 
Not observed were the behaviours passive chase, bite, passive bite, and fight as well as 
any form of stereotypic behaviour (see also chapter 3.2.3). 
3.2.2 Stability of the focus animal groups 
The focus animals in observation blocks 2 and 3 were to a large extent the same: in the 
MA group, nine animals out of twelve were focus animals in both blocks, while in the LA 
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group, there were ten out of twelve. As mentioned above, block 1 was taken out of the 
analysis because it became obvious that the animals had not yet developed their 
individual activity patterns. This is in line with the longitudinal RFID data (see chapter 
3.4). For this reason, a collective analysis of group differences was only possible including 
the group-consistent animals of blocks 2 and 3. Of the twelve animals per group and 
block, there remained nine MA animals and ten LA animals for which behavioural data 
was available in both observation blocks (Fig. 17). Only these consistent animals were 
included in the combined groupwise analysis of behaviour of block 2 and 3 together 
(Table 3, last column). 
   
Fig. 17 – Total number of antenna contacts in the last two months of the experiment. Each dot represents 
one mouse. Red dots: Least active (LA) focus animals in both observation blocks 2 and 3; Blue 
dots: Most active (MA) focus animals in both observation blocks 2 and 3; Green dots: other 
animals. Black horizontal lines: interquartiles; Magenta horizontal line: median.  
To prove that the activity patterns of the mice included in the this analysis were stable, I 
made an activity ranking over the entire last two month of the experiment and compared 
it to the nine MA and ten LA animals described above. Eight out of nine MA animals that 
were focussed in both observation blocks also were above the interquartile range in the 
overall ranking. Eight out of the ten LA animals were below the interquartile range. In the 
overall ranking, the most active animal had twice as many antenna contacts as the least 
active one (see Fig. 17 and Fig. 21).  
3.2.3 Agonistic and stereotypic behaviour 
There were no obvious external signs of fighting or stereotypical behaviour (such as open 
wounds, bites, missing fur, etc.) in any of the ENR animals at any time which was in line 
with the absence of those behaviours in the record of the live observations. Nine out of 
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the twelve CTR animals, however, displayed large bald patches and/or missing vibrissae, 
presumably as a result of stereotypical allo- and/or autogrooming. 
3.2.4 Other general observations 
Mice were often huddling together in tight groups during their inactive phase (light 
phase). These groups usually formed in one or both of the nesting boxes and contained 
10 to 30 animals at a time. Some few times, five or six of the mice were found huddling 
outside of the boxes, e.g. in a plastic flower pot, but always on one of the two topmost 
levels. The floor levels were hardly ever used for resting.  
3.2.5 Emigration 
The morning after the start of the experiment (the water basins had been left empty), 
most of the ENR mice of both enclosures sat huddled together in the respective 
emigration cages. This was probably because the small cages used for this purpose 
represented a more familiar environment to them. All mice were put back into the ENR 
enclosures and the basins were filled with water. After that, a few of the mice still visited 
the emigration cages, however, with a considerably higher frequency in ENRle than in 
ENRri: In the entire experimental period, only one ENRri animal (80-wo) was found in the 
emigration cage right after the first BrdU injection, so that it could have been a reaction 
to stress. The animals of ENRle seemed to be more prone to escaping. The morning after 
the water basin was filled, 37-ww was found in the emigration cage. Mouse 85-og was 
found twice in the emigration cage at morning checks at the beginning of the experiment. 
Two mice seemed to be regular emigrants: 23-go and 29-pg visited the emigration cage 
several times per night. However, they were only found there a couple of mornings in the 
beginning of the experiment. Later, they returned to the main cage before the lights went 
on and went to sleep together with the other ENR animals in the nesting boxes. None of 
these mice were obviously excluded from social interaction or attacked by others, so the 
motivation for emigrating did not seem to lie in too high social pressure.  
Interestingly, all the ENRle animals ever found in the emigration cage were focus animals 
in the LA group at least once: 37-ww in observation block 1, 23-go in block 3 and 85-og 
as well as 29-pg in both blocks 2 and 3. In fact, these two “emigrants” ranged very low in 
a ranking over the entire time: mouse og had third to lowest and pg the lowest total 
number of antenna contacts in three months. Apart from regular visits to the emigration 
cage, however, they did not show any behavioural peculiarities except comparatively low 
counts of behaviours in the exploratory and play category.   
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3.3 Histological results 
The staining for BrdU-positive cells revealed a significantly different amount of newly 
generated cells in the DG between the three experimental groups (F2,50 = 68.017, 
p = 5.43x10-15, one-way ANOVA). There was a clear age effect (Kempermann, Kuhn and 
Gage, 1998), i.e. the young animals of the CTR0 group surpassed the 3 months older 
animals of both CTR (t = 13.744, df = 5.761, p = 1.27x10-5) and ENRri (t = -17.423, df = 
24.027, p = 3.91x10-15). The impact of enrichment (Kempermann et al. 1997b) was also 
distinct: ENRri had more new cells than CTR (t = 3.354, df = 5.892, p = 0.02, t-tests, 
unpaired, two-tailed) and one ENRri outlier almost reached CTR0 level (Fig. 18).  
 
   
Fig. 18 – Results of DAB staining: A) boxplot of total DAB-counts; yellow box = baseline group CTR0, blue 
box = control group CTR, red box = enriched group ENR; B) example DAB-stainings, the bottom 
two show brains of two mice from the same enclosure (ENR) illustrating the large range of counts 
(enrichment effect).  Both A) and B) show the physiological age drop between young animals at 
the start of the experiment (orange shaded area) and three months older animals, as well as the 
enrichment effect, i.e. the increase of DG cell synthesis in response to an enriched environment; 
statistical designations as in table 3. 
In order to find out whether the new cells were neurons, I phenotyped them using triple 
stainings for BrdU, NeuN and S100!. The nuclear protein NeuN (neuronal nuclei) is a 
specific marker for neurons (Mullen et al. 1992). The astrocytic phenotype was identified 
using S100! as a marker (Ghandour et al. 1981). In combination with a BrdU-positive 
A) 
#"!" #"
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staining, S100! identifies neurogenic progenitors. If BrdU-positive cells showed none of 
the other two stainings in addition (Fig. 19), they were classified as “undefined 
phenotype”. The cells of this category could be of a variety of cell types such as 
oligodendrocytes, endothelial cells and blood cells etc. Further stainings using different 
markers would have been necessary to identify them.  
 
Fig. 19  – Phenotype analysis: example of fluorescence staining, markers: BrdU = Bromodeoxyuridine (new 
cells), NeuN = neuronal nuclei (neurons), S100!=S100 calcium binding protein B (astrocytes). The 
merge shows that the two BrdU-positive cells are neurons.  
The numbers obtained from the analysis of the phenotype stainings first gave a picture of 
the percentage distribution. For NeuN, the statistical analysis showed highly significant 
group differences (F2,53 = 32.978, p = 4.96x10-10, one-way ANOVA). Again, CTR0 had an 
age-related advantage over the older animals of groups CTR (t = 12.035, df = 4.69, 
p = 1.05x10-4) and ENRri (t = 10.706, df = 41.397, p = 1.69x10-13). Some members of 
ENRri were percentagewise in the range of CTR0, while others were close to CTR (see also 
chapter 3.5). The enrichment effect was also significant: ENRri showed an increased rate 
of new neurons compared to CTR (t = 6.162, df = 5.789, p = 9.59x10-4, t-tests, 
unpaired, two-tailed; see Fig. 20A). 
The cells of astrocytic phenotype had a much closer range of percentage distribution. Still, 
there were distinct group differences (F2,53 = 10.323, p = 1.64x10-4, one-way ANOVA). 
The impact of age was in this case visible in the form of a higher percentage of astrocytes 
in the older groups: for CTR0 vs. CTR, the p-value was 5.51x10-7 (t = -10.511, 
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df = 10.739) and for CTR0 vs. ENRri 7.17x10-6 (t = -5.976, df = 20.3). Enrichment also 
affected the animals significantly, lowering the percentage of astrocytes in ENRri 
compared to CTR (t = -4.088, df = 25.496, p = 3.83x10-4, t-tests, unpaired, two-tailed; 
see Fig. 20A). 
The percentage of new cells of undefined phenotype was also highly different between 
the groups (F2,53 = 34.273, p = 2.81x10-10, one-way ANOVA), with a strong age-
dependent increase between CTR0 and CTR  (t = -9.800, df = 4.171, p = 4.93x10-4) as 
well as CTR0 and ENR (t = -10.604, df = 48.953, p = 2.80x10-14) and a clear enrichment 
effect: CTR percentages were higher than those of ENR (t = -5.630, df = 4.989, 
p = 2.47x10-3, t-tests, unpaired, two-tailed). As before, ENRri showed a wide 
distributional range with some animals being close to CTR0 levels and the animals on the 
opposite end of the spectrum within the range of CTR (Fig. 20A). 
With the total numbers of new DG cells at hand, the obtained percentages of phenotypes 
could be converted into total numbers (see chapter 2.4). The number of new neurons 
was significantly different for the three groups (F2,48 = 60.688, p = 7.20x10-14, one-way 
ANOVA). The age drop was even more pronounced in view of the total cell numbers, with 
p-values of 1.24x10-5 for CTR0 vs. CTR (t = 9.657, df = 7.866) and 1.90x10-4 for CTR0 vs. 
ENRri (t = 6.605, df = 7.788). The cells numbers of ENRri did not come close to the 
range of CTR0. However, ENRri had significantly more new neurons than CTR (t = 9.094, 
df = 6.273, p = 7.68x10-5, t-tests, unpaired, two-tailed; see Fig. 20B). 
The experimental groups showed no difference in total numbers of newly synthesised 
astrocytes (F2,48 = 1.324, p = 0.28, one-way ANOVA). Furthermore, the generation of 
astrocytes seems to be fairly stable with age: no difference was found between CTR0 and  
CTR (t = 1.512, df = 8.263, p = 0.168) nor between CTR0 and ENRri (t = -1.27, 
df = 13.426, p = 0.226). In contrast to that, ENRri had significantly more new astrocytes 
than CTR (t = 4.321, df = 26.09, p=2.00x10-4, t-tests, unpaired, two-tailed; see Fig. 20B). 
There was a general trend towards more undefined cells with age (F2,48 = 3.2003, 
p = 0.05, one-way ANOVA). Highly significant was this increase between CTR0 and ENRri 
(t = -4.3392, df = 33.602, p = 1.24x10-4), whereas for CTR0 vs. CTR, statistics just 
reached significance with p = 0.040 (t = -3.8119, df = 2.939). There was no difference in 
cells of undefined phenotype between CTR and ENRri (t = -0.7353, df = 3.755, 
p = 0.505, t-tests, unpaired, two-tailed; see Fig. 20B). 
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Fig. 20 – Fluorescence stainings, phenotypes in A) percent and B) total numbers; statistical designations as 
in table 3, box colours as in Fig. 18; see text for detailed statistics. 
!"
#"
 
 - 51 - 
 
3.4 RFID data 
3.4.1 General results 
The first analysis of the obtained antenna data showed that the ENR animals of both 
enclosures displayed significantly more overall activity than CTR (total amount of antenna 
contacts: ENRle vs. CTR: t = 22.475, df = 49.809, p = 2.20x10-16, ENRri vs. CTR: 
t = 30.811, df = 43.369, p = 2.20x10-16). However, there was no difference in antenna 
contacts between left and right ENR enclosure (t = -0.471, df = 65.416, p = 0.639, t-
tests, two-tailed, unpaired; see Fig. 21). 
The total number of antenna contacts in the ENRri group did not correlate with individual 
differences in neurogenesis (r = 0.133, p = 0.412; see Freund et al. 2013). 
 
 
Fig. 21 –  Total number of antenna contacts in 3 months (y-axis). Blue box=Control group (CTR), red 
boxes=Enrichment groups (ENR). Statistical designations as in table 3, box colours as in Fig. 18; 
see text for p-values. 
 
3.4.2 Roaming Entropy analysis 
A first descriptive analysis of RE revealed that the nightly mean for both ENR groups 
slightly decreased over the course of the experiment (Fig. 22).  
The animals showed individual differences in their RE patterns (see two extreme 
examples in Fig. 23, also see Fig. 13 for a general illustration of the RE measure). In 
Antenna contacts 
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order to describe the animals’ individual roaming patterns, the data was first cleaned as 
described in chapter 2.5 and subsequently a simple linear regression was done for each of 
them (Fig. 24).  
 
Fig. 22 – Nightly RE values: mean decreased over time: A) left enclosure, slope of trendline: m = -0.405; B) 
right enclosure, slope of trendline: m = -0.425 (raw data before cleaning, missing value in night 15 
due to a system failure). 
Further analysis of ENRri revealed that animals with a high level of neurogenesis (see 
chapter 3.3) tended to have a positive slope in the RE development over time. Fig. 24 
illustrates how the linearised RE slopes relate to neurogenesis: animals with decreasing 
RE over the course of the experiment are clearly in the lower range of the neurogenesis 
spectrum (r=0.294, p=0.065; see Freund et al. 2013). 
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Fig. 23 –  RE development of two exemplary mice (based on raw data before cleaning for illustrational 
purposes): A) mouse 29-pg of ENRle showed comparatively low nightly mean REs, high fluctuation 
and a positive trendline slope (m = 1.14x10-3); B) mouse 11-bb (ENRri) had high RE means with 
little fluctuation and a negative trend (m = -8.88x10-4).  
 
     
Fig. 24 – Relationship between linearised RE slope (cleaned data set) and neurogenesis in ENRri: although 
not statistically significant (see below), the trend can clearly be seen. Animals with decreasing RE 
over the course of the experiment are in the lower range of the neurogenesis spectrum: A) 
linearised RE trajectories over the course of the experiment; each line represents a mouse, a 
continuous colour scale illustrates the level of neurogenesis (red=high neurogenesis level, 
blue=low neurogenesis level). Moreover, the thickness of the line also shows the neurogenesis 
level (thick line=high neurogenesis level, thin line=low neurogenesis level). B) Correlation between 
individual slopes and new neurons: r = 0.294, p = 0.065 (both pictures by A. Brandmeier).  
3.4.3 Cumulative Roaming Entropy 
The above-shown linear regression over an animal’s RE measures is too crude a tool for 
describing its individual development of roaming behaviour in detail. Therefore, and in 
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order to account for the cumulative nature of experience, the Cumulative Roaming 
Entropy (cRE) measure was introduced. cRE is more flexible in that it takes the animals’ 
RE fluctuations into account while still making their developmental directions visible. The 
individual mice’s cRE trajectories are illustrated in Fig. 25.  
 
 
Fig. 25 – cRE development over time in ENRle (left side) and ENRri (right side). A) Line plot, where each line 
represents a mouse (greyscale only to enable the distinction of individual lines; B) same data in a 
boxplot for each of the four timepoints. See text for details.  
In the ENRri group, the individual differences in cRE were reliable at T1 (variance = 
0.001, &2 = 28.91, df = 1, p < 0.0001). The animals also differed significantly in rates of 
linear change (&2 = 18.76, df = 1, p < 0.0001) and exponential change (&2 = 27.80, 
df = 1, p<0.0001). Consequently, the variance in cRE at T4 (variance = 0.022, 
&2 = 35.12) was by a factor 22 higher than the variance in cRE at T1 (for the difference, 
&2 = 31.73, df = 1, p < 0.0001). However, while the initial individual differences in linear 
change predicted individual differences in cRE at the end of the observation period 
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(r = 0.98, &2 = 118.742, p < 0.0001), individual differences in cRE at T1 were not 
predictive of individual differences in linear change (&2 = 3.19, p = 0.074, see Freund et 
al. 2013). In other words, small initial differences did not simply become larger over time. 
Thus, the individual differences in cRE at T4 were novel differences that had emerged as 
a result of the interaction with and within the environment. 
cRE at T4 does not correlate with the total number of antenna contacts (ENRle: 
r = 0.263, p = 0.276; ENRri: r = 0.230, p = 0.154) proving that it is not mere locomotion 
that is captured with the cRE measure but additionally a qualitative aspect of spatial 
behaviour. 
Although the animals all came from the same stock and were randomly assigned to the 
enclosures (see chapter 2.1), ENRri mice continuously displayed higher cRE values than 
ENRle animals (t-tests; T1: p = 6.279x10-6, T2: p = 6.253x10-3, T3: p = 8.684x10-4, T4: 
p = 2.980x10-3). This data is also in line with the higher nightly means of ENRri (see Fig. 
22).  
3.4.3.1 Correlation with behaviour of ENRle 
Animals for which behavioural data was available (ENRle mice) were analysed with regard 
to their cRE. Correlations were done between all RE timepoints as well as cRE and all 
observation blocks (see Table 4 and Annex 3). In the last two observation blocks, low cRE 
animals were more often involved in social behaviours, i.e. behaviours directed at or 
involving other mice.  
Interestingly, the opposite seems to be the case for observation block 1: social behaviour 
positively correlates with cRE. Over the RE time slots T1 to T4, the correlation grows 
stronger. Unfortunately, the focus animals in block 1 differ considerably from those in 
blocks 2 and 3 (see chapter 3.2.2) and therefore I was not able to directly follow the 
development of the RE-behaviour correlation of these animals.  
Neither activity ranks nor total antenna contacts showed correlations to cRE numbers at 
any timepoint (see Annex 3). 
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Block 1 
cRE T1 cRE T2 cRE T3  cRE T4 
r p r p r p r p 
Nasonasal sniff 0.369 0.076T 0.401 0.052T 0.439 0.032* 0.437 0.033* 
Anogenital sniff 
    
0.459 0.024* 0.470 0.020* 
social exploratory 0.366 0.079T 
  
0.404 0.050* 0.387 0.062T 
tail tremble -0.382 0.066T -0.351 0.093T -0.362 0.082T -0.346 0.097T 
agonistic -0.392 0.058T 
      
         
Block 2 
cRE T1 cRE T2 cRE T3  cRE T4 
r p r p r p r p 
Body contact 
    
-0.464 0.022* -0.503 0.012* 
sociopositive -0.374 0.072T -0.442 0.031* -0.461 0.023* -0.488 0.016* 
Nasonasal sniff -0.392 0.058T -0.488 0.016* -0.610 0.002** -0.626 0.001** 
Anogenital sniff 
      
-0.412 0.046* 
Approach 
      
-0.444 0.030* 
Passive approach 
    
-0.357 0.087T -0.381 0.067T 
social exploratory 
    
-0.610 0.002** -0.487 0.016* 
passive push -0.394 0.056T -0.392 0.058T -0.461 0.023* -0.438 0.032* 
Retreat 0.392 0.059T 0.352 0.091T 
    
Rest  -0.367 0.078T 
      
         
Block 3 
cRE T1 cRE T2 cRE T3  cRE T4 
r p r p r p R p 
Anogenital sniff -0.561 0.004** -0.609 0.002** -0.527 0.008** -0.485 0.016* 
Approach -0.375 0.071T 
      
social exploratory -0.374 0.072T 
      
sprint 
  
-0.367 0.078T 
    
         
Blocks 2 and 3 
cRE T1 cRE T2 cRE T3  cRE T4 
r p r p r p r p 
Body contact 
      
-0.390 0.099* 
Nasonasal sniff -0.446 0.056T -0.520 0.022* -0.564 0.012* -0.579 0.009** 
Anogenital sniff 
  
-0.461 0.047* -0.589 0.008** -0.656 0.002** 
social exploratory 
      
-0.411 0.080T 
passive push -0.422 0.072T 
      
Retreat 0.502 0.029* 0.479 0.038* 
    
Root 
      
-0.402 0.088T 
         
All Blocks 
cRE T1 cRE T2 cRE T3  cRE T4 
r p r p r p r p 
Body contact -0.474 0.003** -0.405 0.014* -0.395 0.017* -0.403 0.015* 
sociopositive -0.425 0.022* -0.460 0.012* -0.507 0.005** -0.501 0.006** 
Nasonasal sniff -0.418 0.022* -0.476 0.008** -0.511 0.004** -0.510 0.004** 
Anogenital sniff 
  
-0.405 0.055T -0.529 0.009** -0.602 0.002** 
Approach -0.446 0.007** -0.395 0.019* -0.365 0.031* -0.365 0.031* 
Passive approach -0.422 0.013* -0.299 0.086T -0.315 0.070T -0.296 0.089T 
social exploratory -0.407 0.075T -0.398 0.082T -0.484 0.030* -0.531 0.016* 
passive push -0.358 0.079T 
      
sprint -0.367 0.033* -0.461 0.006** -0.414 0.015* -0.385 0.025* 
rear supportedly -0.323 0.062T -0.364 0.034* -0.392 0.022* -0.394 0.021* 
manipulate object 
  
-0.343 0.044* -0.294 0.086T 
  
feed -0.329 0.054T 
      
feed  -0.363 0.032* -0.368 0.030* -0.325 0.057 -0.300 0.080T 
maintenance  
  
-0.491 0.075T 
    
Table 4 – Statistically relevant associations between cRE and behaviour: correlation coefficient r and p-
values. Green rows=Social behaviour, blue rows=non-social behaviour, fat and italic 
writing=behavioural main categories, red writing=recorded duration of behaviour, black writing= 
counted occurrence of behaviour (statistical designations as in table 3).  
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3.4.3.2 Correlation with histology of ENRri 
The cRE values at T1 did not correlate with net neurogenesis (r = 0.24, p = 0.144). The 
correlation began to show at T2 (r = 0.35, p = 0.026) and grew stronger over time with 
r = 0.44 at T3 (p = 0.0045). At the end of the experiment (T4), the association between 
the number of new neurons and cRE was strongest with r = 0.46 (p = 0.0026; see Fig. 
26). Also, from the minimal distances between the antennas and the individual non-
repetitive antenna contacts of the mice, an estamation of distance traveled was 
calculated. This estimate was also significantly correlated with neurogenesis (r=0.345, 
p=0.029; see Freund et al. 2013). 
 
Fig. 26 –  Correlation of new neurons with cRE at T4: r = 0.46, p = 0.0026. Broader roaming behaviour is 
associated with increased adult hippocampal neurogenesis. About a fifth of net neurogenesis 
(r2 = 0.21) can thus be attributed to individual roaming behaviour (from Freund et al. 2013. 
Reprinted with permission from AAAS). 
Also, calculations without prior cleaning of the data, except for antenna failures, were 
performed. There, the correlation between adult neurogenesis and cRE was r = 0.45 
(p = 0.004). Without any cleaning the correlation was still r = 0.44 (p = 0.004). 
The difference between cRE at T1 and T4 ("cRE) also correlated with the number of 
BrdU-positive neurons (r = 0.43, p = 0.005, see Fig. 27). This further confirms that mice 
which developed a broader use of the environment over time had a higher chance to 
increase their neurogenesis levels as compared to animals who became more settled and 
stable in their roaming patterns. 
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Fig. 27 – Correlation of the number of new neurons with "cRE: r = 0.43, p = 0.005 (see text for details).  
Neither "cRE nor any of the single cRE timepoints correlated with new DG astrocytes, i.e. 
S100#/BrdU double-positive cells (T1: r = 0.12, p = 0.450; T2: r = 0.20, p = 0.219; T3: 
r = 0.19, p = 0.233; T4: r = 0.20, p = 0.21; "cRE: r = 0.19, p = 0.25). The same was 
true for BrdU+ cells which were negative for both other markers (T1: r = -0.040, 
p = 0.807; T2: r = 0.10, p = 0.539; T3: r = 0.165, p = 0.310; T4: r = 0.14, p = 0.403; 
"cRE: r = 0.15, p = 0.342). 
3.5 Variance increase and the development of individual trajectories 
As the previously shown results suggested an increasing divergence between the animals 
over the course of the project, I decided to have a closer look at the various available 
parameters with regard to their statistical variances. For continuous parameters, a 
groupwise start-end comparison was done (f-test). In both ENR groups, the weight 
variance increased over time while the increase for CTR was only slight and not 
significant. The RE variance increase was only significant in ENRri but not in ENRle 
(seeTable 5 for f- and p-values). Fig. 28 illustrates the variance development in both ENR 
enclosures.  
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Table 5 – Within-group variance comparison between start and end values, see text for details.  
 
 
 
Fig. 28 –  Variance in nightly RE values increased over time: A) left enclosure, slope of trendline: m = -
0.480; B) right enclosure, slope of trendline: m = -0.711 (raw data before cleaning, missing value 
in night 15 due to a system failure). 
The analysis of the cross-sectional data, i.e. endpoint data analysis between CTR and 
ENR, was problematic due to the differently sized groups. Statistical variance is a function 
of the group size and thus, the validity of an f-test comparing CTR to the by a factor three 
larger ENR groups would be very little. Therefore, I initially created three different 
datasets from the raw data, each simulating equal group sizes (see methods in 
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chapter 2.6). The compositions of those three datasets along with additional statistical 
parameters are shown in Annex 4 and the results of all variance comparisons are 
compiled in Table 6. 
 
Parameter Group a Group b p-value 
set 1 
contacts 
CTR ENRri 0.009 
CTR ENRle 0.033 
ENRri ENRle 0.111 
start weight 
CTR ENRri 0.378 
CTR ENRle 0.378 
ENRri ENRle 0.836 
end weight 
CTR ENRri 0.393 
CTR ENRle 0.126 
ENRri ENRle 0.333 
brain weight 
CTR ENRri 0.048 
CTR ENRle 0.883 
ENRri ENRle 0.048 
set 2 
contacts 
CTR ENRri 0.035 
CTR ENRle 0.009 
ENRri ENRle 0.384 
start weight 
CTR ENRri 0.743 
CTR ENRle 0.108 
ENRri ENRle 0.110 
end weight 
CTR ENRri 0.655 
CTR ENRle 0.531 
ENRri ENRle 0.542 
brain weight 
CTR ENRri 0.150 
CTR ENRle 0.150 
ENRri ENRle 0.869 
set 3 
contacts 
CTR ENRri 0.102 
CTR ENRle 0.003 
ENRri ENRle 0.107 
start weight 
CTR ENRri 0.377 
CTR ENRle 0.255 
ENRri ENRle 0.549 
end weight 
CTR ENRri 0.531 
CTR ENRle 0.575 
ENRri ENRle 0.575 
brain weight 
CTR ENRri 0.177 
CTR ENRle 0.177 
ENRri ENRle 0.915 
 
Table 6 – p-values from f-tests from three data sets, simulating equal group sizes: CTR was compared to 
randomly taken examples from ENR groups (see chapter 2 and Annex 4, see text for details).  
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In all three simulation sets, both ENR groups displayed a higher variance in antenna 
contacts when compared to CTR (see Table 6). 
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4 DISCUSSION 
The present set of studies was designed to describe the emergence of individuality, i.e. 
increasing behavioural divergence from narrowly set preconditions. I investigated the 
animals’ interactions with and within a complex environment and could thus correlate 
their individual behavioural traits to adult hippocampal neurogenesis as a specific and 
related form of brain plasticity. In order to do this, I used two large, semi-naturalistic 
enclosures and inbred female mice. Behaviour was assessed using both live observations 
and automated RFID-tracking. The results of these methods complement each other and 
thus give the outline to a comprehensible model of the way in which an individual 
personality is formed and how this is reflected in the brain’s structural and functional 
adaptability.  
The assessment of physiological measures showed that all animals were within a normal 
age-specific range. They all developed normally and there were no group differences in 
brain and body weight. The lack of abnormalities implies that the mice were healthy and 
in a good physical condition. Social aspects of behaviour were approached using the live 
observation data. The original classification into most active (MA) and least active (LA) for 
each observation block brought the result that MAs were involved in social behaviour 
more often than LAs. The latter were more frequently engaged in self-related behaviour 
and behaviour related to their non-animate environment. It has to be noted here that 
“social behaviour” includes both socio-positive and agonistic behaviour. Moreover, the 
focus animal can be either the acting or the receiving part. In short, “social behaviour” 
combines all behaviours that include a conspecific of the focus animal in any form. There 
is very little literature on social interactions in exclusively female mouse groups. An 
entirely female population is, of course, an artificial situation. However, it is a very 
common one in a laboratory setting. Female social behaviour in mixed-sex groups is 
usually described under the aspect of mating competition and nursing behaviour (see e.g. 
Weidt et al. 2014), while reports on hierarchical structures focus on male mice (Desjardins 
et al. 1973; Haemisch and Gartner 1994; Haemisch and Gartner 1997; Haemisch et al. 
1994; Lewejohann et al. 2009; Lloyd 1975; Mackintosh 1976; Ralls 1971; Reynolds 1971). 
The only report on hierarchical structures in groups of female laboratory mice came from 
Schuhr (1987). She demonstrated that subdominant animals in those groups are 
characterised by frequently seeking contact to higher-ranking females while the latter do 
not actively get in contact. Schuhr noted that hierarchical structures among females are 
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difficult to assess, as they are much subtler than in males and most likely less vertically 
organised. Still, in the light of this study, the above-described findings in the large 
enclosure could cautiously be interpreted as the MAs being lower in rank. This is in line 
with the fact that MA animals generally appeared more tense and showed more signs of 
anxiety, such as tail tremble. LAs on the other hand, took more time to explore (higher 
amount of rearing and playing) as well as for self-maintenance (such as drinking, feeding 
and grooming) and generally seemed to be more relaxed. In a study by Lewejohann and 
colleagues (2009) using the same enclosure as I did, although slightly differently 
equipped, they showed that dominant male mice are also those with highest activity 
levels (i.e. more antenna contacts). These animals needed to constantly patrol and scent 
mark the boundaries of their territory in order to keep their social status which was in line 
with previous reports (Desjardins et al. 1973; Lloyd 1975; Mackintosh 1976; Ralls 1971; 
Reynolds 1971). In contrast to this, in purely female groups, higher levels of activity do 
not appear to indicate higher rank. In fact, mere amount of antenna contacts did not 
seem the best parameter to draw conclusions on hierarchies, foreshadowing our cRE-
related results (see below). Dominant female mice do not scent-mark and are generally 
less territorial. The above-mentioned observation that female mouse groups have a flatter 
and more subtle hierarchy (Schuhr 1987), also showed in the fact that only mild and 
infrequent agonistic behaviour was observed as well as in the absence of any genuine 
attempt to emigrate.  
On the issue of stereotypical behaviour, it has to be noted that, although listed in the 
ethogram, it cannot be seen as normal behaviour. It is assumed to result from an intrinsic 
urge to carry out certain innate behaviours serving specific and essential purposes in the 
wild animal and which cannot be appropriately performed due to spatial constraints and 
lack of appropriate environmental conditions. In captive animals, it is usually a sign of 
stress and often accompanied by social or cognitive deficits (Gross et al. 2012; Richter et 
al. 2009; Würbel 2006). Although the CTR animals had patches of fur missing, very 
probably due to overgrooming, none of the large enclosure inhabitants showed anything 
of this sort, nor were they observed carrying out behaviours that could be classified as 
stereotypical. This confirmed that the mice, on which behavioural assessment was done, 
were mentally healthy. 
The results from the histological analysis of the animals’ DG were in line with the 
literature. Enrichment increased the number of new neurons in general and also the 
proportion of neurons and astrocytes amount those new cells (Kempermann et al. 
1997b). The previously described decline in neurogenesis with advancing age (Ben 
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Abdallah et al. 2010; Bondolfi et al. 2004; Cameron and McKay 1999; Eriksson et al. 
1998; Kempermann et al. 2002; Kronenberg et al. 2006; Kuhn et al. 1996) was also 
clearly visible.  
ENR mice had accumulated significantly more antenna contacts than CTR animals, which 
is not altogether surprising, as they had more space and incentive to explore. The 
Roaming Entropy measure (RE) derived from the RFID data goes beyond the mere 
amount of activity and thus adds a qualitative aspect to the picture of the individual 
animal’s locomotive behaviour. The cumulatively acquired interaction score cRE moreover 
takes the subtler changes in behaviour over time into account. It gives credit to the idea 
that behaviour expresses an inner state at a given time, which is based on and 
continuously shaped by experience (Freund et al. 2013). 
The individuals' roaming trajectories (cRE at T4) were reliably different. Approximately 
one fifth of the variance in adult neurogenesis could be attributed to the individual 
manner in which the mice made use of the opportunities the enriched enclosure offered. 
The level of astrocytogenesis was unaffected by cRE, indicating that roaming behaviour 
specifically translates to neuron production. The fact that cleaning of the data had no 
marked effect on the correlation between neurogenesis and cRE speaks for the quality 
and validity of the cRE model: the output describes how widespread and structured the 
movements were, not simply how often a contact was issued (Freund et al. 2013). 
At first glance, it seems paradoxical that it were not the animals first defined as MAs for 
the behavioural observations which also had higher cRE levels (no correlation between 
activity ranking and cRE). However, if we combine the data from both ENR enclosures, it 
allows us to draw cautious conclusions on the “bigger picture” in this context. In ENRle, 
both MA and low cRE animals are socially more active which indicates lower rank. We 
have to keep in mind that cRE and antenna contacts illuminate different aspects of 
activity. Moreover, the MA dataset had only 12 animals (or rather 8, as only the 
consistent ones were considered in this context) and not the complete set of mice while 
cRE calculations were done for all mice and subsequently correlated to the available 
behavioural data (i.e. 24 animals in total). In the right ENR enclosure, high levels of 
neurogenesis were correlated with high levels of cRE. Thus, one could assume that (1) 
mice with higher neurogenesis levels in ENRri were also the ones with a higher status in 
the social hierarchy and (2) the higher cRE (therefore higher-ranking) animals of ENRle 
would also have more new DG neurons. This would suggest that, in female hierarchies, 
social status, roaming behaviour and adult hippocampal neurogenesis are positively 
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correlated. One could speculate that higher-ranking mice are able to move more freely 
and thus acquire higher cRE values and subsequently higher neurogenesis levels. In turn, 
this would presumably give them the flexibility to maintain and maybe even elevate their 
social status. Further studies will be necessary to confirm this putative feedback loop and 
illuminate in detail how and how strongly these parameters are linked. 
In summary, it can be concluded from data of both enclosures that the amount of spatial 
exploration and the gradual broadening of experience within the given space is more 
beneficial to DG neurogenesis (and in turn requires more plasticity) than extensive social 
behaviours. This is not surprising since the hippocampus is associated with spatial 
memory and coordination. DG stem cells react on locomotor stimuli (van Praag et al. 
1999b) and the resulting progenitors are sensitive to cognitive challenge in combination 
with environmental complexity (Fabel and Kempermann 2008; Fabel et al. 2009; 
Kempermann et al. 1997b). To illuminate the role of social behaviours on neurogenesis, it 
will also be interesting to evaluate brain regions related to social and emotional stimuli in 
follow-up studies (Schrijver et al. 2002; Schrijver et al. 2004). Although the behavioural 
data suggests that social behaviour does not have a direct effect on adult neurogenesis, 
the social context is still relevant. Despite the lack of obvious agonistic behaviour (fighting 
over territory etc.), places of preference will have emerged due to avoiding or following 
certain other mice (Shemesh et al. 2013). Some mice might have been able to move 
more freely than others for hierarchical reasons which in turn affected the way in which 
the whole group used the environment. 
Of course, locomotion is inseparable from roaming and cognition, i.e. the experiences 
made while moving within an environment. Fabel and colleagues showed that enrichment 
and running have additive effects (Fabel et al. 2009). As mentioned above, physical 
activity itself induces neurogenesis (van Praag et al. 1999b). Still, the mere number of 
antenna contacts did not correlate with neurogenesis. Cleaned for double contacts and 
minimum distance estimate (which put the focus on mileage rather than just being active) 
did show correlations, as expected and seen in previous experiments, and were 
responsible for 12% of neurogenesis variance. Adding the qualitative aspect of how the 
animals used the environment strengthened this association by a further 10% and could 
thus explain one fifth of the variance. The roaming aspect clearly and pronouncedly adds 
to this effect. In other words, the roaming effect cannot be explained by locomotion 
alone. Thus, the level of brain plasticity is affected by the impressions the individual 
gathers during movement and how it deals with them (Freund et al. 2013). 
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The question how brain structure and plasticity relate to behavioural individuality and vice 
versa is not easily answered. The connections and processes cannot be observed from 
start to finish and often the underlying pathways can only be assumed. On an abstract 
level, however, it is clear that experience changes brain structure, and through that 
neural pathways (“plasticity”). The specific wiring of the brain will in turn colour 
experiences, i.e. change the way environmental stimuli are perceived, neuronally 
processed and acted upon (Kandel et al. 2000). Brain plasticity, perception, experience 
and behaviour are thus interwoven and reciprocal processes.  
Brain plasticity is effected through several mechanisms. At the brain level, it is generally 
thought of in terms of the plasticity of pathways and gross anatomical changes. On a finer 
level, learning also depends on synaptic plasticity. This means changes either in synapse 
structure (e.g. reorganisation of the cytoarchitecture in the synaptic boutons to achieve 
higher effectiveness in neurochemical transmission) or in the overall number of synapses 
(Kandel et al. 2000). However, even in this aspect, it is not clear how much genetic 
determinism there is in synaptic specificity. If the connection patterns of developing 
synapses were entirely genetically determined, genetically identical animals would have 
the same brains. There is, however, great variability between inbred mice in terms of 
synaptic connectivity. It seems to be the case that synapses have a specificity for a class 
of cells, rather than specific cells, with the final (yet still dynamic) wiring pattern 
depending on the refinement of this class, and subsequent selective stabilisation during 
activation (for more details, see review by Changeux and Danchin 1976). 
Mammalian adult hippocampal neurogenesis is moreover providing plasticity in the form 
of new neurons, strengthening and modulating the existing system. As this happens only 
in a very limited area of the brain, one might argue that the new neurons could hardly 
have a substantial impact. However, neurogenesis happens in a crucial hub within the 
nervous system: the hippocampus is known to be indispensable for learning and memory 
and especially for spatial navigation. As already outlined in the introduction (see chapter 
1.2), hippocampal neurogenesis in the adult brain is influenced by many outside factors. 
The combination of several factors is likely to contribute to an animal becoming distinct 
from its conspecifics. Even one stimulus alone, for example, a new enrichment object in a 
laboratory cage, could theoretically be perceived as either an opportunity to explore but 
also as strange and therefore threatening. The same setting might present a different cue 
to two different mice and thus affect hippocampal neurogenesis differently.  
Another source of plasticity is likely to be the epigenetic makeup and reactivity of the 
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mice. This has not been part of this study. However, first steps have been made in this 
direction and further research is under way in our lab. It has been shown that the 
hippocampus is highly susceptible to epigenetic changes in response to environmental 
cues. Hippocampus-dependent memory formation processes, for instance, have been 
shown to also invoke certain epigenomic rearrangements (Levenson et al. 2004). 
Epigenomic markings are indeed strong mediators of plasticity and can be assumed to 
play a major role in the individuation of an animal as they are both lifelong sensitive to 
environmental demands and cues as well as heritable (Allis et al. 2006; Reik and Walter 
2001; Szyf et al. 2008; Talens et al. 2012). Various contributors to individual development 
transmitted and modulated by epigenetic signals will be discussed in detail in the 
following. 
Naturally, the individuation process of our animals did not start with the beginning of the 
experiment. In fact, as already outlined in the introduction, it is generally difficult to 
pinpoint when it starts. Prenatal influences on the mother have been shown to have 
bearings on the offspring in terms of neurogenic capacity (Belnoue et al. 2013; Bick-
Sander et al. 2006; Canales and Ferrer-Donato 2014; Lin and Wang 2014) and behaviour 
(Buchmann et al. 2014, Modir et al. 2014, Siegeler et al. 2011, for a detailed review see 
Gapp et al. 2014). Early postnatal exposures have also been reported to influence the 
adult animal (Francis et al. 1999; Liu et al. 2012; Weaver et al. 2004; Whimbey and 
Denenberg 1967). For instance, higher levels of care of a rat mother toward her pups, i.e. 
higher amounts of arched-back nursing as well as licking and grooming, induced 
increased expression of hippocampal glucocorticoid receptors in the offspring (Francis et 
al. 1999; Liu et al. 1997). The Meaney group could show that this effect manifested itself 
within the first week of life and led to a better stress resistance as well as improved 
memory performance in the adult animal via alterations in the epigenome, mainly histone 
modifications (Francis et al. 1999; Liu et al. 1997; Meaney 2001a; Weaver et al. 2004; 
Weaver et al. 2005). To prove that these effects were of an epigenetic nature, they also 
confirmed that they could be reversed by crossfostering (Weaver et al. 2004). The autors 
termed the differences in maternal care „naturally occurring variations“ (Weaver et al. 
2004) without further defining what might bring these variations about, but of course it is 
conceivable and likely that they were the result of slight differences in the dams' 
biographies. The latter might have received a similar treatment from their own mothers 
or, during the course of their lives, experienced more or less stress than others for some 
reason (compare Meaney 2001a). This illustrates that epigenetic mechanisms can be a 
way of transmitting slight phenotypic differences accross generations.  
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There is generally a time-window very early in the vertebrate's life, in which there is a 
higher sensitivity to certain social and environmental influences, and this imprinting period 
– „Prägungsphase“, as it was termed by ethologist Oskar Heinroth (1911) – appears to 
set the stage for the behavioural range of the adult animal. This is very likely transmitted 
via epigenetic mechanisms. Still, the post-imprinting and adult animal is far from being 
unreactive (Babenko et al. 2012; Weaver 2007; Weaver et al. 2005), otherwise learning 
and behavioural adaptation would not be possible. This lifelong behavioural adaptability, 
although declining with age, seems to be mirrored in brain plasticity. As described above, 
what has been given to the animal as a prerequisitite is also dependent on manifold 
factors in the parents' biography. This fact blurs the distinction lines between nature and 
nurture in the classical model of how these two factors shape an individual.  
In the light of this, previous reports on how “identical” animals in standardised 
experimental settings exhibit unexpectedly wide variability in many respects (e.g. Crabbe 
et al. 1999; Gärtner 2012; Lathe 2004; Lewejohann et al. 2011; Wolstenholme et al. 
2011) do not seem so surprising anymore. Even under rigidly controlled circumstances, 
results in different laboratories were not reproducible (Crabbe et al. 1999) and the 
handling by different staff has been shown to be one of the major contributors (Chesler et 
al. 2002; Lewejohann et al. 2006). In his 2004 paper, Lathe discusses possible sources for 
this phenomenon. These can be summarised into three categories: 
• Minisatellite variation: Minisatellites are a class of variable number tandem repeat 
(VNTR) which appear all al ong the DNA molecule (Vergnaud and Denoeud 
2000). Although not transposable like e.g. LINE-1 (see below), minisatellites and 
other VNTRs have the potential to alter the DNA sequence as differences in the 
number of tandem repeats might arise during meiosis (Bois et al. 1998; 
Vergnaud and Denoeud 2000). 
• Intrauterine situation: The situation of the individual fetus within the uterus is 
likely to be slightly different that of its neighbours. Adjacent fetuses influence 
each other through exchange of hormones, which shows in their behaviour in 
later life (Ryan and Vandenbergh 2002). It has been suggested from human twin 
studies that multiple pregnancies per se increase variation among the offspring 
(Boklage 2005), although neither the mechanisms behind this phenomenon are 
known nor whether this also applies to rodents. 
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Furthermore, the nutritional status of the mother affects the adult offspring's 
behaviour and social status (Hilakivi-Clarke et al. 1997; Lucassen et al. 2013; 
Meikle and Westberg 2001; Raygada et al. 1998), as do her stress levels 
(Lucassen et al. 2013, see also introduction) and general health (Shi et al. 2003).  
• Postnatal influences: As already elaborated on in the introduction, early life 
experience such as the quality of maternal care (Francis et al. 1999; Liu et al. 
2000; Meaney 2001a; Weaver et al. 2004; Weaver et al. 2005) or social stress 
can lead to the individualisation of animals with the same preconditions. The 
adult animal will also adapt its behaviour to social and environmental demands 
(see also previous page as well as introduction chapters 1.2.2f). In female mice, 
behaviour can moreover depend on the oestrus cycle. As this factor has been 
shown to affect exploration behaviour (Palanza et al. 2001), it could have had an 
effect on the observational behaviour data. However, the sessions were done 
over several days so that any effects of endocrine parameters are likely to be 
levelled out. A full cycle takes about four to six days (Parkes 1928) and therefore, 
in the continuously recorded RFID data, this factor can only be held responsible 
for fluctuations in the data, not for general trends.  
Many of these aspects probably affect the animal via epigenetic modifications and are 
hard or impossible to control for in a scientific experiment. Individuals with small 
differences in their epigenetic signature are prone to further drift apart over the life 
course (Fraga et al. 2005; Talens et al. 2012).  
From the genetic point of view, it is possible that inbred mice differ in their DNA 
sequences e.g. due to replication errors. This can generally lead to point mutations, single 
base insertions or deletions. The DNA replication machinery, however, works very 
precisely and has the ability to correct wrong base pairings immediately (Kunkel 2004). 
Moreover, due to the fact that less than 1% of the DNA sequence does actually contain 
genes, occasional point mutations in most cases do not affect the phenotype. There is 
usually more than one triplet combination of bases coding for the same amino acid. 
Therefore, even if mutations happen to arise within a coding region, it does not 
necessarily follow that this has any effect on the protein. In his 1982 paper, Donald W. 
Bailey enumerates the factors which might lead to genetic differences in inbred strains. 
According to him, genetic impurity in inbred strains can result from contamination (wrong 
crossings due to staff errors), genetic drift of substrains bred in different laboratories, 
heterozygote selection or spontaneous mutations as described above. Heterozygote 
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selection can occur due to the fact that animals heterozygous in certain alleles would 
appear healthier to the observer and might thus inadvertently be preferably selected for 
breeding if no fixed breeding scheme is available (Falconer 1960). Bailey notes that, of all 
the sources he discusses, mutation is the only inescapable one (1982). Theoretically, 
continued inbreeding will eventually reduce genetic variability assymptotically to zero. 
Owed to the unavoidable mutational load, however, there are about four point mutations 
within the coding parts of the DNA per generation of inbred animals beyond the F40 
generation (Bailey 1978; Bailey 1982). For the reasons elaborated on earlier in this 
paragraph, the resulting genetic differences are slight and generally considered to be 
negligible (Bailey 1982; Keightley and Hill 1992). The commercial breeder from whom our 
mice were obtained strictly adheres to the “International Genetic Standardization (IGS) 
Program” (see http://www.criver.com/files/pdfs/rms/rm_rm_r_igs.aspx for details) 
including a pyramidal breeding scheme as well as SNP-based genetic testing in order to 
ensure the best possible isogeneity within their mouse strains. 
Genes can be stochastically expressed which also adds to random initial variation 
(McAdams and Arkin 1997; reviewed by Raj and van Oudenaarden 2008, see also below). 
Furthermore, the genetic sequence can be altered by differential numbers of tandem 
repeats and transposon insertions (Boeke and Corces 1989). Recently, a group of 
retrostransposons, the long interspersed elements (LINE-1), have come into focus as 
source of somatic variation (Muotri et al. 2005; Muotri and Gage 2006; Singer et al. 
2010). The insertions of these retrotransposons can alter gene expression patterns of 
individual cells. LINE-1 retrotransposes early in development and thus contributes to 
somatic mosaicism in the brain (Coufal et al. 2009; Singer et al. 2010). This could explain 
the observation made by Novick and Weiner in the 1950s that the expression levels of 
certain genes vary from cell to cell in a rather random fashion (Novick and Weiner 1957; 
see also Ko et al. 1990). Furthermore, it has been shown that the genome of neural DG 
progenitors in the adult brain – in contrast to other adult tissues' progenitor cells – are 
subject to LINE-1 retrotransposition (Muotri et al. 2009). Voluntary exercise seems to 
upregulate LINE-1 expression and insertion in the SGZ of the DG (Muotri et al. 2009). 
Thus, not only the random LINE-1 insertions as such create variability but also the 
influence of environmental cues on this process. In adult neural stem cells, LINE-1 
expression is regulated by Sox2 and the Wnt pathway (Kuwabara et al. 2009; Muotri et al. 
2005) as well as MeCP2 (Muotri et al. 2010).  
Taking all this into consideration, we have to acknowledge that the mice were not 
absolutely identical at the beginning of the experiment. Two in every respect identical 
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animals are probably an idealistic, hypothetical idea. However, compared to a wild or 
outbred population they were within a very narrow range and we have done our utmost 
to ensure they all entered the test phase with the same preconditions. In order to 
accomplish this, we received female mice of the same age, from as many different litters 
as possible and from the same supplier and minimised handling to the bare minimum. 
Only a small and consistent group of people handled the mice and the enclosure was only 
entered by myself. The mice were assorted to their enclosures in a randomised fashion 
having all received the same treatment before. As foreshadowed by MZ twin studies 
(Fraga et al. 2005; Talens et al. 2012), it furthermore showed that the animals drifted 
apart from the start point, not only enlargening the initial differences, but developing 
along new and distinct behavioural trajectories. Although reliable individual differences 
were present at the start of the experiment, novel differences in roaming behaviour 
emerged during its course: As the start values and change rate did predict neither 
individual trajectory nor end value, we can conclude that, seen from the set start point, 
an individuation process took place. The animals responded to the social and physical 
environment and, through that, were characteristically shaped. 
The advantage of the large enclosure over most other enrichment paradigms used in 
behavioural experiments lies in that it is somewhat closer to the natural situation. There 
was more space and the surroundings were more complex. In other words, there were 
more opportunities and incentive to explore which again enabled the mice to unfold more 
complex social structures (Rosenzweig and Bennett 1996). Of course, even these 
enclosures remained an artificial situation. For one, the population consisted only of 
females. As mentioned above, it was necessary in this project to have all animals with the 
same preconditions and moreover to keep the group size stable. An ideal experiment 
would include a natural outdoor setting including all the visual and olfactory stimuli wild 
animals would encounter as well as predation and naturally occurring population 
fluctuations resulting from births, deaths and migration. One would have to rely on a 
good automatic tracking system at strategic points in the habitat to rule out any observer 
impact. Still, a close video observation would be indispensable as various social influences 
in the individual’s life would have to be taken into account (e.g. hierarchy changes). 
Larger changes in roaming behaviour would have to be expected in response to these and 
the roaming index would have to be adapted accordingly. An experiment like this would 
again face difficulties, for example in the fact that mice are nocturnally active, rendering a 
video observation challenging, or the changes in population size. Thus, our experimental 
design was the best possible approach to the task at hand. A different approach laying 
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more focus on the group dynamics of mouse social systems was recently presented by 
Shemesh et al. (2013). Giving credit to the idea that, when observing animals in a group, 
new features will emerge that are characteristic for the group as a whole and which could 
not be deduced from the observation of individuals (Cavagna and Giardina 2010), they 
could show that individual behaviour patterns within a group of mice are strongly 
correlated. In groups of four mice in an enriched environment, it was possible to predict 
the position of one animal from the position of the three others with 25% certainty. The 
authors attributed the remaining 75% unpredictability to the freedom of choice of the 
individual mouse. Moreover, the group behaviour was shown to depend on the complexity 
of the environment (Shemesh et al. 2013; see also Insel and Fernald 2004). To 
adequately describe social constellations of mice raised in standard housing, higher-order 
interactions (three or more mice) had to be considered, while enriched animals were 
more independent of each other as pairwise correlations were more appropriate 
(Shemesh et al. 2013). These findings underscore the data presented here and in the 
future, it would be interesting to combine both aspects – social interactions (Shemesh et 
al. 2013) and individual trajectories and related brain plasticity (Freund et al. 2013 and 
present paper) – and plan an experiment where all these analysis methods could jointly 
be applied. This would further illuminate the relationship between group dynamics and 
individual development. 
An early behavioural change in the mice was hinted at by the correlations between 
observational data and cRE values: social behaviour appears to have a positive impact on 
subsequent cRE development at an early age (the animals were almost 7 weeks old in 
observation block 1), while it was the behaviours which were not related to conspecifics 
showing a relationship with higher cRE values in the later observation blocks. This is also 
reflected in the consistency in the composition of the observation groups: the animals 
seem to undergo the greatest change between blocks 1 and 2. The reason behind this 
was probably the response to the enrichment for one, but also the age-dependent 
maturation. In line with this is the notion that a decline in hippocampal neurogenesis at 
this age – which has been described before (Kempermann et al. 2002; Kronenberg et al. 
2006) and was also seen in the comparison of CTR0 to CTR – could have a role in the 
transformation from juvenile and unpredictable (“reckless”) behaviour to mature and 
predictable (“cautious”) behaviour (Altman et al. 1973). This theory generally fits with the 
present data: animals with lower levels of neurogenesis have lower cRE values at T4, i.e. 
they moved in a more predictable way. This would suggest that adult hippocampal 
neurogenesis retains the brain in a certain “juvenile” reserve, thus rendering it a wider 
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range of behavioural opportunities (Akers et al. 2014; Altman et al. 1973; Amrein and 
Lipp 2009; Kempermann 2008; Kempermann et al. 2010).  
It intuitively seems logical that enrichment per se should increase variability within a 
group of animals. The larger space in combination with a more complex environment 
should give them more opportunity and make it easier to behaviourally spread out. 
Researchers have demurred that enrichment might therefore lead to lower statistical 
power and harm the universal applicability of test results (Eskola and Kaliste-Korhonen 
1999; Tsai et al. 2003). In contrast to that, other sources have shown that ENR animals 
do indeed have different scores than the standard-housed ones in several behavioural 
tests, however the intergroup variances remain unaffected (Richter et al. 2009; Würbel 
2002). The present dataset shows that the ENR mices' roaming behaviour becomes 
increasingly divergent over time but it was not possible to compare this to the non-
enriched situation as the roaming behaviour is directly connected to the enclosure's 
topography. For other parameters, there were only few statistically relevant differences 
between enriched and non-enriched animals. In line with previous reports (Lewejohann et 
al. 2006; Van de Weerd et al. 2002), enrichment seemed to enhance variability in body 
weight. To avoid the problem of group size differences, between-group analyses were 
done using randomised simulation sets. These did not yield conclusive results and 
therefore the issue should be tackled in a separate experiment with equally large groups 
from the beginning. With regard to hippocampal neurogenesis, this might be done in 
meta-analyses from existing datasets. The influence of environmental complexity is likely 
to be a very subtle one and – although it might endorse a higher level of behavioural 
individuality – can perhaps not be captured in such broad terms as statistical variance of 
physiological parameters and general behavioural testing paradigms. Moreover, it is 
unrealistic to expect enrichment to affect the variance of all available parameters to the 
same extend. The magnitude of an increase in variability is likely to depend on the 
plasticity of the parameter in question. To finally settle this issue, the correlation between 
physiological and behavioural variance and environmental complexity will have to be 
examined in a separate, carefully planned study. 
The question of how much of an individual organism is determined by its genetic set-up 
and how much depends on environmental influence – in other words the classical nature 
vs. nurture debate – is one that has always divided scientists and philosophers and has to 
this day eluded a conclusive answer. Today, most scientists hold the view that the two 
aspects cannot be studied separately, although there are still those who prefer to take 
either one perspective or the other. As Donald Hebb is said to have noted in analogy to 
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this problem, it is impossible to answer whether the length or the width of a rectangle 
contribute more to its area (Meaney 2001b). In the last few decades, quantitative 
genetics and genome-wide association studies have tried to determine the exact 
percentages to which phenotypic traits are heritable, i.e. genetically fixed. However, for 
almost all traits under research, there is still a huge gap between heritability estimates 
and the extend to which the traits could actually be proved to be genetically transmitted 
(Manolio et al. 2009; Turkheimer 2011). The experimental approach of this issue is 
difficult since there is always a part of variance that cannot be attributed to either genes 
or environment (Gärtner 2012; Molenaar et al. 1993). Historically, this elusive part has 
most commonly been considered noise resulting from our inability to take all influencing 
factors into account (LaPlace 1825; Malescio 2005) or simply from measurement errors, 
i.e. limited accuracy or sensitivity of the testing apparatus (de Ruyter van Steveninck et 
al. 1997; Manolio et al. 2009).  
Even though noise is undoubtedly a factor, there is also the notion that the picture might 
be incomplete when only taking nature and nurture into account. A third contributor has 
been suggested, termed “3rd component” (Gärtner 2012), “3rd source variation” (Molenaar 
et al. 1993), “intangible variance” (Falconer 1960), or simply “chance” (Finch and 
Kirkwood 2000; Raj and van Oudenaarden 2008). Indeed, it has been shown that chance 
plays a major role in a simulation study of stochastic gene expression (Kurnit et al. 1987). 
The somewhat misleading term “non-shared environment” in psychological twin studies 
also signifies the proportion of variance that cannot be explained or predicted by the 
gene-environment interaction and is independent of both (Plomin and Daniels 2011; 
Turkheimer 2011; Turkheimer and Waldron 2000). Thus, the term is not to be taken too 
literally. In the large enclosure it is still possible that the mice have shared the same 
space. It might, however, have been perceived in different ways.  
That the same environment can represent something that increasingly differs among the 
animals can be illustrated with a simple example: Two of the ENR mice meet in a situation 
which entails some form of competition, e.g. over a bit of food or over which one can 
pass a tube first. Both animals have the same preconditions when they meet, thus the 
situation is the same for both and the outcome is undetermined. Only one mouse can, 
however, obtain the piece of food or enter the tube first. Each of them experiences this 
situation differently: one of them is superior and the other inferior. Subsequently, if these 
animals meet again in a similar situation, they will no longer have the same preconditions 
as they have stored different experience which will affect the way in which they react to 
the current confrontation. We can deduce that through this, the environment, which in 
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the beginning presented the same opportunities for each of the mice, was becoming 
increasingly distinctive within the conceptual representation of the individual subject over 
time (Friston et al. 2012; Jang et al. 1998; Lewin 1935; Molenaar et al. 1993; Turkheimer 
2011). 
Deterministic aspects such as genes and environment can in combination lead to highly 
variable outcome provided that the system is a dynamical one (Ashwin and Timme 2005; 
Molenaar et al. 1993). In non-linear dynamical systems, instability is finally leading to a 
state of self-organising balance. In the light of this, the variability of behaviour could be 
seen as an intrinsic trait and thus be unpredictable on principle and not just as a result of 
technical inadequacy (Maye et al. 2007). Behavioural spontaneity might be a general 
biological feature (Heisenberg 1994) and any living organism thus be in a permanent 
state of dynamical stability (Friston et al. 2012). The idea of adaptive, intrinsic 
behavioural indeterminacy and the individual as a self-organising system makes sense 
from an evolutionary point of view. Creating diversity is the very core of evolution. It has 
been suggested that the “3rd component” might be an even stronger evolutionary driving 
force than gene-environment interactions alone (Molenaar et al. 1993). The animal's 
ability to act in ways that are not predetermined by environmental and genetic constraints 
is probably what makes niche-picking possible in the first place (Nussey et al. 2007). The 
present dataset provides first evidence that the magnitude of this capacity to act flexibly 
and unpredictably is linked to brain plasticity. As has been proposed before (Altman et al. 
1973; Kempermann 2012), adult hippocampal neurogenesis thus provides a neurogenic, 
and through that behavioural, reserve.  
The ENRle group displayed continuously lower cRE values than ENRri and the differences 
were significant at all time points. Moreover, the variance of the ENRle RE group means 
was slightly higher throughout the experiment. The model to describe behavioural change 
over time had been specifically fitted to characterise the group behaviour of the right 
enclosure. As it turned out, it did not sufficiently fit the behaviour of the left enclosure so 
that no valid inferences on the development of this group could be drawn. This illustrates 
another important aspect of individuality. It is not just a feature of an individual animal 
but repeats on all levels of living matter, from single cells (Lander 2011; Raj and van 
Oudenaarden 2008) to groups of individuals (Shemesh et al. 2013). Although both 
enclosures started with the same preconditions, the two groups developed in their own 
ways. If we repeated the experiment, the general findings would probably – and hopefully 
– be replicated, but the individual mouse society would still be a different one and 
develop along its own trajectories, bringing forth its own unique sets of constellations, 
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rules and traits. The present data show that the group means for RE in both ENR 
enclosures slightly decreased over the course of the experiment, probably due to 
familiarisation to the complexity of the environment and consolidation of social structures 
(compare Schuhr 1987). As their „society“ developed, the group of mice as a whole 
became more stable (RE means decrased) while at the same time the animals found their 
place in the social structure and thus became pronouncedly different.  
If we consider the ontogeny of a living organism, all the uncountable steps leading up to 
a single individual at a given time, the multitude of influences that bear and have born 
upon it, and of which many are likely to be too subtle to be measured or even thought of 
by us as the observers, it seems impossible that there should ever be two organisms 
exactly alike even if we do our utmost to standardise. It is thus understandable that the 
behaviour and development of an individual is virtually unpredictable except for general 
and very robust attributes. But even if it was possible to engineer animals that were 
identical to the last cell and its behaviours predictable and conform at a set timepoint (i.e. 
the experiment start) it is thinkable and even likely that they would – driven by the same 
mechanisms that are at work all the time – drift apart over time. Just the same is 
probably true on each level of organisation in living systems, from an entire ecosystem 
down to a single cell. Adult hippocampal neurogenesis is a plastic link between brain and 
environment and it seems that its main task is to render behavioural flexibility. This allows 
the individual to adapt to environmental demands and thus provides an evolutionary 
advantage (Amrein and Lipp 2009; Kempermann 2002; Kempermann 2012). 
The complex nature of the relationship between brain plasticity and individual behaviour 
renders its investigation using animal models generally difficult. The present study was 
designed to describe the emergence of individuality in mice with the same physiological, 
environmental and genetic preconditions in response to complex environmental and social 
cues. The animals developed along increasingly divergent individual behavioural 
trajectories. Moreover, It could be shown that the way in which the mice made use of 
their environment was correlated to their level of brain plasticity. Specifically, the amount 
of spatial exploration and the gradual broadening of experience with it was linked to 
elevated levels of hippocampal neurogenesis. The data shows that animals with same 
preconditions still develop along increasingly divergent, individual paths. Although this is 
undoubtedly in part due to initial small differences, the results show that individuation is 
also to a large extend modulated by factors unfolding or emerging during ontogenetic 
development (Freund et al. 2013) similar to the factors acting on personality development 
in humans (Jang et al. 1998; Lewin 1935). 
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Annex 1 – Ethogram 
 
Recorded events: 
 
f = frequency  
d = duration [sec]  
FA = focus animal 
 
 
Social behaviours 
Socio-positive behaviour:  
Body Contact (f): FA touches the body of a conspecific with any part of 
its body except teeth or nose. Agonistic behaviours 
are not included. The behaviour is counted again 
after the distance between the animals has exceeded 
one body length. 
Allogroom (f):  FA engages in scratching, striking or licking the body 
of another mouse. The behaviour is counted again if 
the animal has stopped for more than 3 seconds or 
starts grooming a different mouse. 
 
Social Exploratory behaviour: 
Naso-nasal Sniff (f): FA positions the twitching tip of its snout within one 
head length of another mouse’s nose. The behaviour 
is counted again after the distance between the 
animals has exceeded one head length. 
Anogenital Sniff (f):  FA positions the twitching tip of its snout below the 
root of another mouse’s tail. The behaviour is 
counted again after the distance between the animals 
has exceeded one head length. 
Approach (f): FA moves with the snout directed towards another 
mouse until both are at least within one body length. 
This does not include agonistic interactions or cases 
in which an object is located between the animals. 
 
 
 
Passive Approach (f):  FA is approached by another mouse until both are at 
least within one body length. This does not include 
agonistic interactions or cases in which an object is 
located between the animals. 
 
Agonistic behaviour: 
Chase (f):  FA runs after another mouse and may lunge at the 
conspecific. The snout can touch the body of the 
other animal. The animals are moving fast. 
Passive Chase (f):  A mouse runs after FA and may lunge at it. The snout 
can touch the body of the other animal. The animals 
are moving fast. 
Push (f):  FA pushes a conspecific with its forepaws while both 
are in a tube. The behaviour is counted again once 
the animals were more than one body length apart or 
when FA turns towards another mouse. 
Passive Push (f):  FA is pushed by another mouse in a tube. The 
behaviour is counted again once the animals were 
more than one body length apart or when FA is 
pushed by a different conspecific. 
Bite (f):  FA drives its teeth into the fur, skin or the tail of 
another mouse. 
Passive Bite (f):  A mouse drives its teeth into the fur, skin or the tail 
of FA. 
Fight (f): FA struggles with another mouse in physical contact. 
They may show additional agonistic behaviour 
patterns. 
Retreat (f): FA moves directionally away from a conspecific that 
has approached it in the preceding 5 seconds.  
Tail Tremble (f): The tail of FA performs fast vibrating movements. 
 
 
 
The rest of the body does not move. The behaviour is 
counted again if the tail has not moved for at least 3 
seconds. (If possible, it is recorded whether another 
animal was within sight of FA.) 
 
Non-social behaviours 
Non-social exploratory and play behaviour: 
Rear independently (F):  FA raises itself on its hindpaws and stretches its 
snout into the air. The forepaws do neither have 
tactile contact with a part of the enclosure nor a 
conspecific. The behaviour is counted again after the 
front paws have touched the ground or an object or 
another mouse for more than 3 seconds. 
Dig (f): FA moves bedding along its underside with the 
forepaws and subsequently kicks it backwards with 
the hindpaws.  
Sprint (f): FA suddenly moves forward fast for at least one body 
length and then stands still. 
Rear supportedly (f): FA raises itself on its hindpaws, stretches its snout 
into the air while supporting itself with one or both 
forepaws on any part of the enclosure but not a 
conspecific. The behaviour is counted again after the 
front paws have touched the ground or an object or 
another mouse for more than 3 seconds. 
Manipulate object (f): FA gnaws at an object, drags or pushes it with its 
head or paws. The behaviour is counted again after 
FA has left off the object for more than 3 seconds or 
when it starts on a different object. 
Leap (f): FA jumps forward on a level surface for at least one 
body length. The forepaws reach the surface before 
the hindpaws. 
 
 
 
 
Maintenance behaviour: 
Drink (f+d): FA touches a source of water with its snout and licks 
it. The behaviour is counted again after FA has 
stopped for more than 3 seconds. 
Feed (f+d): FA gnaws at a piece of food and ingests parts of it. 
The behaviour is counted again after FA has stopped 
for more than 3 seconds. 
Root (f+d): FA has its snout lowered in the bedding and pushes it 
aside with its forepaws. The behaviour is counted 
again after FA has stopped for more than 3 seconds. 
Autogroom (f+d): FA scratches, strikes or licks its own body. The 
behaviour is counted again after FA has stopped for 
more than 3 seconds. 
Nesting (f+d): FA breaks up soft material (paper, fabric, bedding 
etc.) and carries it to the nesting space and/or 
arranges the material with snout and forepaws to 
form a small hollow. The behaviour is counted again 
after FA has stopped for more than 3 seconds. 
Rest (f+d): FA has not moved for at least 10 seconds, (duration 
is subtracted from the observation time). 
 
No visual contact (d): 
FA moves in an area where it cannot be observed or recognised by the observer, e.g. due 
to insufficient lighting or possible confusion with conspecifics. During this time, no precise 
statement about FA’s behaviour can be made (duration is subtracted from the observation 
time).  
 
 
 
 
Stereotypic behaviour (f):  
FA compulsively repeats a behaviour without obvious goal or function (e.g. repetitive 
jumping, repetitive climbing in a circular motion or overgrooming).  
 
 
 
Annex 2 – Table of behavioural statistics 
  
block 1 block 2 block 3 
blocks 2 and 3 
(consistent 
animals) 
So
ci
al
 B
eh
av
io
ur
s 
Body contact 0.7708 0.8165 0.0559 0.1887 
Allogroom 0.2933 0.8530 0.2386 0.6690 
Socio-positive Behaviour 0.5528 0.8052 0.0499 0.5404 
Naso nasal sniff 0.6290 0.9517 0.2572 0.8197 
Anogenital sniff 0.1124 0.9724 0.2675 0.7765 
Approach 0.5753 NA 0.1924 0.3276 
Passive approach 0.5915 0.9076 0.3102 0.2202 
Social Exploratory Behaviour 0.5364 0.7245 0.7878 0.6910 
Chase NA 0.3593 NA NA 
Passive chase NA NA NA 0.5027 
Push 0.7174 0.7231 0.8750 0.4365 
Passive push NA NA 0.0613 0.0723 
Bite NA NA NA NA 
Passive bite NA NA NA NA 
Fight NA NA NA NA 
Retreat 0.1658 NA NA 0.5411 
Tail tremble 0.6806 0.2299 0.3871 0.0328 
Agonistic Behaviour 0.9177 0.1319 0.3330 0.0190 
      
Se
lf-
re
la
te
d 
Be
ha
vi
ou
rs
 
Rear independently 0.1471 0.0029 0.2573 0.0052 
Dig 0.3867 0.7144 0.4707 0.8967 
Sprint 0.6011 0.3987 0.0095 0.0453 
Rear supportedly 0.4309 0.0422 0.0972 0.1769 
Manipulate object 0.9767 0.0393 0.3225 0.1303 
Leap NA 0.0082 0.2467 0.1907 
Non-social Exploratory and Play Behaviour 0.3877 0.0008 0.0369 0.0082 
Drink 0.3948 0.7707 0.0532 0.3335 
Drink 0.0221 0.7505 0.5831 0.5903 
Feed 0.3097 0.3255 0.2710 0.3432 
Feed 0.3186 0.0179 0.3186 0.0529 
Root 0.8149 0.3104 0.1734 0.5340 
Root 0.3777 0.9770 0.3707 0.8700 
Nesting 0.1716 0.5332 0.6458 0.3681 
Nesting 0.2443 0.4491 0.5238 0.4886 
Autogroom 0.6631 0.0771 0.9768 0.3518 
Autogroom 0.3707 0.8625 0.8625 0.7415 
Rest 0.5892 0.9164 0.9645 0.6544 
Rest 0.8355 0.9178 0.8940 0.9105 
Maintenance Behaviour 0.8914 0.1598 0.0779 0.1638 
Maintenance Behaviour 0.3357 0.1047 0.0385 0.1746 
Stereotypic Behaviour NA NA NA NA 
 
Results of behavioural analyses: list of p-values for comparison between MA and LA 
animals (Wilcoxon-Test, see chapters 2.6 and 3.2.1 for details). Grey rows: behavioural 
main categories; black writing: counted number of behaviour; red writing: recorded 
duration of behaviour. 
 
 
 
Annex 3 – Table of correlations between cRE and behaviour (colours of rows and writing used as in Annex 2) 
 Block 1           
  cRE T1 cRE T2 cRE T3  cRE T4 ! cRE 
Social behaviours 
Behaviours correlation p-values correlation p-values correlation p-values correlation p-values correlation p-values 
Body contact 0.134 0.531 0.153 0.476 0.229 0.282 0.186 0.385 0.186 0.384 
Allogroom 0.074 0.730 0.015 0.946 0.086 0.690 0.091 0.673 0.088 0.684 
Sociopositive 0.112 0.602 0.078 0.716 0.162 0.449 0.147 0.494 0.144 0.501 
Nasonasal sniff 0.369 0.076 0.401 0.052 0.439 0.032 0.437 0.033 0.425 0.038 
Anogenital sniff 0.268 0.205 0.330 0.116 0.459 0.024 0.470 0.020 0.497 0.013 
Approach 0.244 0.250 0.251 0.237 0.258 0.224 0.239 0.260 0.224 0.294 
Passive approach 0.310 0.141 0.318 0.130 0.304 0.149 0.286 0.176 0.259 0.222 
Social exploratory 0.366 0.079 0.386 0.063 0.404 0.050 0.387 0.062 0.367 0.077 
Chase  NA NA NA NA NA NA NA NA NA NA 
Passive chase 0.083 0.701 0.135 0.529 0.199 0.352 0.216 0.311 0.237 0.264 
Push -0.183 0.393 -0.104 0.629 0.056 0.795 0.115 0.591 0.192 0.368 
Passive push 0.242 0.255 0.194 0.363 0.127 0.555 0.082 0.704 0.030 0.888 
Bite  NA NA NA NA NA NA NA NA NA NA 
Passive bite NA NA NA NA NA NA NA NA NA NA 
Fight NA NA NA NA NA NA NA NA NA NA 
Retreat -0.020 0.926 -0.014 0.948 -0.042 0.847 -0.060 0.780 -0.066 0.760 
Tail tremble -0.382 0.066 -0.351 0.093 -0.362 0.082 -0.346 0.097 -0.309 0.141 
Agonistic -0.392 0.058 -0.331 0.114 -0.284 0.178 -0.251 0.236 -0.191 0.371 
Self-related 
behaviours 
Rear independently -0.090 0.677 -0.158 0.462 -0.239 0.261 -0.233 0.274 -0.260 0.219 
Dig 0.317 0.131 0.302 0.151 0.297 0.159 0.343 0.101 0.325 0.121 
Sprint -0.173 0.418 -0.183 0.392 -0.114 0.596 -0.023 0.914 0.022 0.920 
Rear supportedly 0.233 0.273 0.161 0.454 0.094 0.661 0.080 0.710 0.028 0.898 
Manipulate object 0.250 0.239 0.226 0.289 0.176 0.412 0.107 0.618 0.059 0.784 
Leap 0.060 0.781 0.095 0.659 0.115 0.592 0.131 0.541 0.144 0.501 
Non-social exploratory + play 0.048 0.825 0.002 0.991 -0.041 0.848 -0.027 0.899 -0.048 0.822 
Drink 0.024 0.913 -0.018 0.935 -0.088 0.681 -0.122 0.570 -0.154 0.472 
Drink  -0.180 0.401 -0.131 0.541 -0.157 0.464 -0.167 0.436 -0.157 0.463 
Feed 0.005 0.983 0.066 0.758 0.141 0.512 0.135 0.530 0.163 0.448 
Feed  -0.176 0.411 -0.123 0.568 -0.016 0.940 -0.013 0.951 0.036 0.867 
Root 0.076 0.724 0.130 0.544 0.217 0.309 0.203 0.341 0.226 0.289 
Root  0.105 0.626 0.149 0.488 0.304 0.149 0.302 0.151 0.339 0.105 
Nesting 0.075 0.728 0.147 0.493 0.245 0.249 0.295 0.161 0.335 0.110 
Nesting 0.082 0.703 0.133 0.536 0.210 0.326 0.239 0.261 0.266 0.210 
Autogroom -0.020 0.927 -0.022 0.917 0.072 0.739 0.062 0.773 0.082 0.704 
Autogroom  0.025 0.909 0.082 0.705 0.165 0.441 0.141 0.512 0.170 0.428 
Rest -0.230 0.281 -0.252 0.235 -0.264 0.212 -0.301 0.153 -0.299 0.156 
Rest 0.049 0.820 -0.037 0.865 -0.097 0.653 -0.149 0.486 -0.199 0.352 
Maintenance 0.007 0.975 0.049 0.820 0.138 0.521 0.123 0.567 0.148 0.490 
Maintenance -0.090 0.675 -0.011 0.959 0.143 0.506 0.127 0.553 0.183 0.392 
Stereotypic  NA NA NA NA NA NA NA NA NA NA 
 
 
 
            
 Block 2           
  cRE T1 cRE T2 cRE T3  cRE T4 ! cRE 
Social behaviours 
Behaviours correlation p-values correlation p-values correlation p-values correlation p-values correlation p-values 
Body contact -0.320 0.127 -0.337 0.107 -0.464 0.022 -0.503 0.012 -0.511 0.011 
Allogroom -0.230 0.280 -0.311 0.139 -0.255 0.228 -0.198 0.354 -0.171 0.425 
Sociopositive -0.374 0.072 -0.442 0.031 -0.461 0.023 -0.488 0.016 -0.474 0.019 
Nasonasal sniff -0.392 0.058 -0.488 0.016 -0.610 0.002 -0.626 0.001 -0.646 0.001 
Anogenital sniff -0.013 0.950 -0.152 0.478 -0.327 0.119 -0.412 0.046 -0.506 0.012 
Approach -0.077 0.722 -0.189 0.376 -0.334 0.111 -0.444 0.030 -0.518 0.009 
Passive approach -0.239 0.261 -0.252 0.235 -0.357 0.087 -0.381 0.067 -0.394 0.057 
Social exploratory -0.241 0.257 -0.324 0.123 -0.610 0.002 -0.487 0.016 -0.558 0.005 
Chase  NA NA NA NA NA NA NA NA NA NA 
Passive chase -0.037 0.862 -0.031 0.884 -0.022 0.919 -0.008 0.969 -0.006 0.979 
Push -0.062 0.772 0.044 0.837 0.016 0.942 -0.079 0.713 -0.075 0.727 
Passive push -0.394 0.056 -0.392 0.058 -0.461 0.023 -0.438 0.032 -0.407 0.049 
Bite  NA NA NA NA NA NA NA NA NA NA 
Passive bite NA NA NA NA NA NA NA NA NA NA 
Fight NA NA NA NA NA NA NA NA NA NA 
Retreat 0.392 0.059 0.352 0.091 0.298 0.157 0.256 0.226 0.184 0.389 
Tail tremble -0.123 0.568 -0.103 0.630 -0.235 0.269 -0.252 0.234 -0.273 0.198 
Agonistic -0.019 0.930 0.029 0.892 -0.196 0.360 -0.100 0.643 -0.162 0.450 
Self-related 
behaviours 
Rear independently 0.063 0.769 -0.022 0.918 -0.060 0.781 -0.033 0.878 -0.068 0.754 
Dig -0.176 0.411 -0.223 0.295 -0.238 0.264 -0.220 0.301 -0.217 0.309 
Sprint 0.033 0.879 -0.097 0.651 -0.145 0.499 -0.195 0.360 -0.256 0.227 
Rear supportedly -0.271 0.200 -0.262 0.216 -0.253 0.234 -0.262 0.216 -0.234 0.272 
Manipulate object -0.094 0.662 -0.270 0.201 -0.270 0.202 -0.304 0.148 -0.343 0.101 
Leap -0.041 0.848 -0.173 0.420 -0.212 0.321 -0.281 0.183 -0.336 0.109 
Non-social exploratory + play -0.085 0.693 -0.215 0.312 -0.312 0.138 -0.248 0.242 -0.273 0.197 
Drink -0.043 0.841 0.071 0.741 0.050 0.817 -0.031 0.885 -0.028 0.896 
Drink  -0.026 0.904 0.032 0.884 -0.016 0.942 -0.094 0.664 -0.112 0.603 
Feed -0.118 0.583 -0.131 0.543 -0.174 0.415 -0.246 0.248 -0.263 0.215 
Feed  -0.110 0.609 -0.211 0.321 -0.216 0.311 -0.257 0.226 -0.280 0.186 
Root -0.008 0.969 -0.079 0.713 -0.182 0.394 -0.304 0.148 -0.372 0.074 
Root  -0.099 0.646 -0.115 0.593 -0.191 0.372 -0.301 0.152 -0.336 0.109 
Nesting -0.049 0.821 -0.005 0.982 0.108 0.616 0.115 0.591 0.160 0.455 
Nesting -0.010 0.962 0.015 0.945 0.102 0.635 0.112 0.601 0.143 0.505 
Autogroom -0.057 0.793 -0.069 0.749 0.007 0.974 0.022 0.920 0.047 0.828 
Autogroom  0.016 0.942 0.112 0.601 0.208 0.329 0.235 0.268 0.293 0.164 
Rest -0.190 0.373 -0.208 0.330 -0.130 0.546 -0.122 0.571 -0.090 0.675 
Rest -0.367 0.078 -0.329 0.116 -0.233 0.274 -0.197 0.357 -0.122 0.569 
Maintenance  -0.102 0.636 -0.117 0.587 -0.247 0.244 -0.139 0.518 -0.228 0.284 
Maintenance -0.131 0.540 -0.148 0.490 -0.153 0.477 -0.109 0.611 -0.164 0.444 
Stereotypic  NA NA NA NA NA NA NA NA NA NA 
            
            
 
 
 
Block 3 
  cRE T1 cRE T2 cRE T3  cRE T4 ! cRE 
Social behaviours 
Behaviours correlation p-values correlation p-values correlation p-values correlation p-values correlation p-values 
Body contact -0.256 0.228 -0.109 0.612 -0.103 0.632 -0.125 0.562 -0.069 0.749 
Allogroom 0.067 0.756 0.091 0.673 0.105 0.626 0.111 0.604 0.116 0.588 
Sociopositive -0.143 0.506 -0.027 0.900 -0.015 0.943 -0.027 0.901 0.015 0.946 
Nasonasal sniff -0.226 0.289 -0.202 0.344 -0.115 0.593 -0.147 0.494 -0.107 0.618 
Anogenital sniff -0.561 0.004 -0.609 0.002 -0.527 0.008 -0.485 0.016 -0.413 0.045 
Approach -0.375 0.071 -0.315 0.134 -0.246 0.247 -0.229 0.283 -0.157 0.464 
Passive approach -0.143 0.506 0.077 0.720 0.090 0.674 0.124 0.564 0.197 0.355 
Social exploratory -0.374 0.072 -0.209 0.327 -0.145 0.500 -0.114 0.595 -0.018 0.932 
Chase number NA NA NA NA NA NA NA NA NA NA 
Passive chase -0.013 0.950 0.043 0.842 0.108 0.616 0.175 0.412 0.226 0.289 
Push  0.054 0.802 0.009 0.966 0.023 0.916 -0.033 0.878 -0.059 0.784 
Passive push -0.236 0.267 -0.073 0.734 -0.110 0.610 -0.099 0.646 -0.047 0.828 
Bite  NA NA NA NA NA NA NA NA NA NA 
Passive bite NA NA NA NA NA NA NA NA NA NA 
Fight  NA NA NA NA NA NA NA NA NA NA 
Retreat 0.273 0.197 0.282 0.182 0.303 0.150 0.252 0.235 0.220 0.302 
Tail tremble 0.057 0.793 0.074 0.731 0.111 0.604 0.106 0.624 0.112 0.602 
Agonistic 0.102 0.635 0.110 0.610 0.159 0.459 0.135 0.529 0.134 0.532 
Self-related 
behaviours 
Rear independently 0.266 0.209 0.164 0.443 0.193 0.367 0.239 0.260 0.206 0.334 
Dig  0.148 0.492 0.140 0.515 0.096 0.657 0.004 0.985 -0.043 0.843 
Sprint -0.320 0.127 -0.367 0.078 -0.274 0.195 -0.234 0.270 -0.182 0.395 
Rear supportedly -0.095 0.659 -0.195 0.360 -0.227 0.287 -0.251 0.237 -0.276 0.191 
Manipulate object -0.015 0.945 -0.074 0.733 -0.016 0.941 0.043 0.844 0.053 0.805 
Leap  0.009 0.966 -0.019 0.931 -0.031 0.887 -0.052 0.809 -0.065 0.764 
Non-social exploratory + play 0.034 0.875 -0.068 0.753 -0.047 0.826 -0.044 0.838 -0.065 0.763 
Drink 0.068 0.752 0.024 0.913 -0.043 0.844 -0.106 0.624 -0.149 0.488 
Drink 0.030 0.891 -0.030 0.888 -0.152 0.478 -0.254 0.232 -0.316 0.132 
Feed  -0.220 0.301 -0.226 0.289 -0.248 0.243 -0.286 0.175 -0.280 0.186 
Feed  -0.261 0.219 -0.272 0.199 -0.306 0.147 -0.276 0.192 -0.254 0.230 
Root -0.086 0.689 -0.155 0.469 -0.171 0.424 -0.208 0.329 -0.227 0.287 
Root -0.034 0.876 -0.104 0.627 -0.131 0.542 -0.150 0.484 -0.174 0.417 
Nesting 0.033 0.877 0.001 0.997 0.041 0.851 0.002 0.994 -0.006 0.979 
Nesting -0.140 0.516 -0.126 0.558 -0.044 0.839 -0.042 0.845 -0.004 0.986 
Autogroom 0.103 0.631 0.135 0.528 0.192 0.368 0.251 0.237 0.276 0.192 
Autogroom 0.036 0.869 0.059 0.783 0.106 0.623 0.119 0.580 0.139 0.517 
Rest 0.091 0.674 0.030 0.888 0.016 0.940 -0.010 0.962 -0.048 0.824 
Rest 0.076 0.723 0.034 0.873 0.028 0.895 0.013 0.950 -0.013 0.950 
Maintenance -0.076 0.724 -0.119 0.579 -0.126 0.559 -0.162 0.450 -0.172 0.422 
Maintenance  -0.228 0.285 -0.266 0.209 -0.277 0.190 -0.267 0.208 -0.250 0.238 
Stereotypic  NA NA NA NA NA NA NA NA NA NA 
            
 
 
           
 
 
 
Blocks 2 and 3 
  cRE T1 cRE T2 cRE T3  cRE T4 ! cRE 
Social behaviours 
Behaviours correlation p-values correlation p-values correlation p-values correlation p-values correlation p-values 
Body contact -0.377 0.112 -0.289 0.231 -0.371 0.118 -0.390 0.099 -0.347 0.146 
Allogroom -0.093 0.704 -0.163 0.505 -0.085 0.729 -0.004 0.986 0.023 0.927 
Sociopositive -0.324 0.176 -0.314 0.190 -0.314 0.190 -0.269 0.265 -0.220 0.366 
Nasonasal sniff -0.446 0.056 -0.520 0.022 -0.564 0.012 -0.579 0.009 -0.562 0.012 
Anogenital sniff -0.276 0.252 -0.461 0.047 -0.589 0.008 -0.656 0.002 -0.710 0.001 
Approach -0.228 0.347 -0.274 0.256 -0.311 0.196 -0.335 0.161 -0.328 0.171 
Passive approach -0.153 0.531 -0.047 0.848 -0.117 0.633 -0.132 0.590 -0.114 0.641 
Social exploratory -0.312 0.194 -0.288 0.232 -0.379 0.110 -0.411 0.080 -0.399 0.090 
Chase number NA NA NA NA NA NA NA NA NA NA 
Passive chase 0.044 0.857 0.094 0.701 0.175 0.473 0.254 0.294 0.296 0.219 
Push 0.069 0.779 0.128 0.602 0.105 0.667 0.005 0.984 -0.016 0.947 
Passive push -0.422 0.072 -0.293 0.223 -0.336 0.160 -0.312 0.193 -0.240 0.321 
Bite  NA NA NA NA NA NA NA NA NA NA 
Passive bite NA NA NA NA NA NA NA NA NA NA 
Fight NA NA NA NA NA NA NA NA NA NA 
Retreat 0.502 0.029 0.479 0.038 0.383 0.105 0.304 0.205 0.202 0.407 
Tail tremble 0.018 0.942 0.046 0.852 0.008 0.973 -0.050 0.840 -0.067 0.787 
Agonistic 0.142 0.561 0.194 0.425 0.146 0.551 0.052 0.834 0.015 0.951 
Self-related 
behaviours 
Rear independently 0.192 0.431 0.060 0.807 0.005 0.982 0.042 0.866 -0.020 0.936 
Dig 0.154 0.530 0.119 0.627 0.072 0.769 -0.030 0.904 -0.090 0.715 
Sprint -0.061 0.804 -0.203 0.404 -0.183 0.452 -0.180 0.461 -0.201 0.408 
Rear supportedly -0.177 0.469 -0.223 0.358 -0.253 0.296 -0.270 0.263 -0.271 0.261 
Manipulate object -0.112 0.649 -0.300 0.213 -0.327 0.171 -0.344 0.149 -0.385 0.104 
Leap -0.045 0.854 -0.132 0.591 -0.231 0.341 -0.306 0.202 -0.358 0.132 
Non-social exploratory and play -0.005 0.985 -0.173 0.480 -0.249 0.305 -0.283 0.241 -0.347 0.145 
Drink 0.130 0.596 0.180 0.461 0.116 0.635 0.042 0.865 0.006 0.979 
Drink  0.165 0.499 0.156 0.523 0.034 0.890 -0.072 0.770 -0.144 0.556 
Feed -0.199 0.414 -0.197 0.419 -0.249 0.303 -0.296 0.218 -0.295 0.221 
Feed   -0.133 0.589 -0.208 0.393 -0.235 0.333 -0.224 0.357 -0.230 0.344 
Root -0.054 0.826 -0.148 0.546 -0.280 0.246 -0.402 0.088 -0.470 0.042 
Root  -0.049 0.841 -0.103 0.674 -0.194 0.425 -0.275 0.255 -0.317 0.185 
Nesting 0.005 0.985 0.026 0.916 0.147 0.549 0.174 0.477 0.215 0.377 
Nesting  -0.192 0.432 -0.122 0.618 0.017 0.944 0.084 0.733 0.170 0.486 
Autogroom -0.076 0.757 -0.028 0.908 0.035 0.885 0.128 0.600 0.184 0.450 
Autogroom  -0.043 0.862 0.050 0.838 0.136 0.578 0.179 0.464 0.242 0.319 
Rest -0.030 0.902 -0.105 0.667 -0.043 0.862 -0.034 0.891 -0.041 0.869 
Rest  -0.205 0.401 -0.242 0.317 -0.159 0.516 -0.118 0.630 -0.084 0.733 
Maintenance -0.116 0.635 -0.130 0.595 -0.190 0.436 -0.246 0.311 -0.259 0.284 
Maintenance  -0.170 0.487 -0.182 0.456 -0.177 0.469 -0.178 0.466 -0.154 0.530 
Stereotypic  NA NA NA NA NA NA NA NA NA NA 
            
 
 
           
 
 
 
All Blocks 
  cRE T1 cRE T2 cRE T3  cRE T4 ! cRE 
Social behaviours 
Behaviours correlation p-values correlation p-values correlation p-values correlation p-values correlation p-values 
Body contact -0.474 0.003 -0.405 0.014 -0.395 0.017 -0.403 0.015 -0.337 0.045 
Allogroom -0.114 0.556 -0.232 0.225 -0.211 0.272 -0.170 0.377 -0.175 0.363 
Sociopositive -0.425 0.022 -0.460 0.012 -0.507 0.005 -0.501 0.006 -0.476 0.009 
Nasonasal sniff -0.418 0.022 -0.476 0.008 -0.511 0.004 -0.510 0.004 -0.489 0.006 
Anogenital sniff -0.299 0.166 -0.405 0.055 -0.529 0.009 -0.602 0.002 -0.645 0.001 
Approach -0.446 0.007 -0.395 0.019 -0.365 0.031 -0.365 0.031 -0.298 0.082 
Passive approach -0.422 0.013 -0.299 0.086 -0.315 0.070 -0.296 0.089 -0.227 0.197 
Social exploratory -0.407 0.075 -0.398 0.082 -0.484 0.030 -0.531 0.016 -0.518 0.019 
Chase number NA NA NA NA NA NA NA NA NA NA 
Passive chase NA NA NA NA NA NA NA NA NA NA 
Push -0.117 0.576 -0.052 0.804 -0.059 0.779 -0.098 0.641 -0.080 0.702 
Passive push -0.358 0.079 -0.234 0.261 -0.291 0.157 -0.287 0.165 -0.229 0.271 
Bite  NA NA NA NA NA NA NA NA NA NA 
Passive bite NA NA NA NA NA NA NA NA NA NA 
Fight  NA NA NA NA NA NA NA NA NA NA 
Retreat 0.149 0.703 0.237 0.539 0.335 0.378 0.374 0.321 0.395 0.293 
Tail tremble -0.095 0.659 -0.084 0.695 -0.080 0.711 -0.104 0.628 -0.097 0.654 
Agonistic -0.631 0.254 -0.489 0.403 0.017 0.978 -0.049 0.937 0.005 0.994 
Self-related 
behaviours 
Rear independently -0.029 0.867 -0.130 0.456 -0.179 0.304 -0.139 0.425 -0.164 0.347 
Dig  -0.014 0.958 0.030 0.913 0.047 0.863 -0.007 0.979 -0.001 0.996 
Sprint -0.367 0.033 -0.461 0.006 -0.414 0.015 -0.385 0.025 -0.347 0.044 
Rear supportedly -0.323 0.062 -0.364 0.034 -0.392 0.022 -0.394 0.021 -0.375 0.029 
Manipulate object -0.262 0.128 -0.343 0.044 -0.294 0.086 -0.269 0.118 -0.244 0.158 
Leap  -0.148 0.411 -0.216 0.228 -0.254 0.153 -0.285 0.108 -0.302 0.088 
Non-social exploratory + play -0.036 0.894 -0.079 0.770 -0.090 0.739 -0.010 0.970 -0.002 0.995 
Drink -0.153 0.387 -0.113 0.524 -0.135 0.447 -0.176 0.320 -0.163 0.357 
Drink  -0.190 0.283 -0.161 0.362 -0.201 0.253 -0.242 0.168 -0.234 0.182 
Feed  -0.329 0.054 -0.292 0.088 -0.267 0.122 -0.269 0.118 -0.222 0.201 
Feed   -0.363 0.032 -0.368 0.030 -0.325 0.057 -0.300 0.080 -0.248 0.150 
Root -0.271 0.116 -0.264 0.126 -0.247 0.152 -0.272 0.114 -0.242 0.162 
Root  -0.239 0.167 -0.229 0.186 -0.201 0.247 -0.219 0.207 -0.187 0.281 
Nesting 0.000 0.999 -0.022 0.922 0.017 0.940 0.008 0.972 0.012 0.956 
Nesting  -0.031 0.890 -0.034 0.877 0.024 0.914 0.051 0.817 0.076 0.730 
Autogroom -0.270 0.112 -0.253 0.136 -0.155 0.366 -0.119 0.489 -0.060 0.728 
Autogroom  -0.149 0.385 -0.074 0.668 0.019 0.911 0.037 0.829 0.097 0.574 
Rest -0.050 0.825 -0.121 0.591 -0.215 0.336 -0.256 0.251 -0.297 0.179 
Rest  0.098 0.666 0.019 0.934 -0.080 0.724 -0.119 0.597 -0.182 0.417 
Maintenance -0.283 0.328 -0.333 0.245 -0.297 0.302 -0.297 0.302 -0.260 0.370 
Maintenance  -0.442 0.114 -0.491 0.075 -0.438 0.117 -0.405 0.151 -0.333 0.244 
Stereotypic  NA NA NA NA NA NA NA NA NA NA 
 
 
 
 
Annex 4 – Equal groups size simulation for variance analysis 
Enrichment group compositions (animals taken from original ENR groups in a randomised 
fashion in order to obtain equally sized groups for analysis): 
set 1 set 2 set 3 
ENRle ENRri ENRle ENRri ENRle ENRri 
16-oo 13-pp 3-bg 4-ol 3-bg 2-wp 
20-ob 18-gp 14-bl 9-gs 6-pb 13-pp 
22-sg 24-bw 17-wb 19-sb 14-bl 19-sb 
28-bs 26-gw 23-go 26-gw 20-ob 34-og 
30-bp 35-sl 28-bs 34-og 23-go 47-pl 
32-ps 56-bp 30-bp 47-pl 39-bo 49-wb 
65-gw 57-gg 37-ww 60-ps 50-po 56-bp 
66-ow 60-ps 50-po 63-ww 58-so 57-gg 
83-wg 62-go 54-op 67-bs 76-pp 63-ww 
85-og 70-pg 58-so 89-pb 88-sw 82-oo 
86-pw 71-ob 74-wp 93-bo 97-ol 84-sp 
97-ol 73-sg 78-gp 96-ws 98-bw 94-gl 
 
Means and variances: 
Total contacts 
   
  
mean variance 
 
CTR 35399.920 13845287.000 
set1 
ENRri 91740.750 101032745.000 
ENRle 90336.670 275331218.000 
set2 
ENRri 90751.000 59421014.000 
ENRle 93010.750 101943906.000 
set3 
ENRri 89501.080 43852740.000 
ENRle 96054.420 120846659.000 
    
Start weight 
   
  
mean variance 
 
CTR 15.783 0.272 
set1 
ENRri 16.058 0.632 
ENRle 16.083 0.556 
set2 
ENRri 15.483 1.036 
ENRle 16.050 0.334 
set3 
ENRri 16.258 0.557 
ENRle 15.975 0.808 
 
 
 
 
   
 
 
 
End weight 
   
  
mean variance 
 
CTR 23.475 0.757 
set1 
ENRri 23.700 1.285 
ENRle 24.167 2.753 
set2 
ENRri 23.408 0.997 
ENRle 23.742 1.759 
set3 
ENRri 23.700 1.762 
ENRle 24.283 1.245 
    
Brain weight 
   
  
mean variance 
 
CTR 469.583 134.083 
set1 
ENRri 470.083 526.992 
ENRle 466.917 122.447 
set2 
ENRri 462.000 378.364 
ENRle 455.750 418.750 
set3 
ENRri 462.500 382.273 
ENRle 467.250 357.841 
 
 
 
 
 
 
 
 
 
